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1  INTRODUCTION 


L  Motivation  for  and  Synopsis  of  the  Investigation 

Engineering  materials  have  long  been  known  to  exhibit  marked 
differences  in  their  mechanical  behavior  under  conditions  of  impact  and 
high  rates  of  loading  as  compared  to  their  behavior  under  quasi-static 
loading  conditions.  Thus,  the  proper  utilization  of  these  materials  in 
dynamic  environments  requires  a  knowledge  of  their  behavior  under 
dynamic  conditions. 

Lexan,  a  polycarbonate  material  developed  by  the  General  Electric 
Company,  is  becoming  widely  employed  where  high  impact  resistance  is 
required.  Lexan' s  applications  range  from  baby  bottles  to  astronaut 
helmets;  thus,  its  mechanical  properties  -  quasi-static  as  well  as 
dynamic  -  are  of  considerable  interest  in  design.  In  another  application, 
Lexan  is  being  employed  as  a  photoelastoplastic  material  in  experimental 
studies.  In  all  these  static  and  quasi-static  studies,  easily-determined 
material  constants  such  as  Young's  modulus  and  Poisson's  ratio  must  be 
known;  under  dynamic  conditions,  those  quantities  no  longer  may  be 
considered  constants  and  must  be  determined  as  functions  of  stress, 
strain,  strain  rate,  etc.,  so  that  experimental  data  can  be  correctly 
interpreted.  There  is  a  relative  abundance  of  information  in  the 
literature  concerning  the  quasi-static  properties  of  polycarbonates  as 
a  class  or  of  Lexan  in  particular,  but  little  information  concerning  the 
behavior  or  properties  of  Lexan  under  dynamic  loading  conditions.  This 
investigation  is  undertaken  to  add  to  the  information  concerning  the 
dynamic  behavior  and  dynamic  properties  of  Lexan. 
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The  matters  concerning  the  dynamic  mechanical  behavior  of  Lexan 
which  motivate  this  investigation  and  the  manner  in  which  they  are 
addressed  are  discussed  below;  other  matters  concerning  its  dynamic 
behavior  are  left  unanswered  and  are  offered  as  possibilities  for  future 
investigation.  The  matters  of  major  importance  which  are  considered  are: 

1.  At  least  one  group  of  investigators  (30)  has  obtained  stress-strain 
curves  for  Lexan  at  strain  rates  ranging  up  to  0.2  min  \  These 
curves  show  higher  stresses  for  given  strains  on  curves  run  at  the 
higher  strain  rates,  even  for  these  very,  very  low  rates  of  loading. 

In  dynamic  situations,  where  strain  rates  106  times  higher  may  be 
encountered,  no  valid  constitutive  relationship  is  known.  In  this 
investigation,  a  constitutive  relationship  will  be  developed  for 
strains  up  to  approximately  7  percent  at  strain  rates  on  the  order 
of  300  sec”1  to  2000  sec”1.  This  will  be  accomplished  by  subjecting 
Lexan  rods  to  high-speed  axial  impact.  During  propagation  of  the 
resulting  large-amplitude  strain  waves,  data  will  be  recorded  which 
will  enable  the  strain  wave  speeds  to  be  determined.  The  constitutive 
relationship  will  be  developed  using  this  wave  speed  data  and  results 
of  von  Karman's  rate-independent  theory  of  one-dimensional  wave 
propagation  in  rods  (65). 

2.  Preliminary  studies  using  approximate  strain  wave  speed  data  for 
Lexan  indicated  that  it  might  be  possible  to  use  an  approximate 
procedure  to  predict  fairly  accurately  the  propagation  of  large- 
amplitude  strain  waves  along  Lexan  rods.  This  procedure  uses  the 
strain-time  history  at  some  point  in  the  rod  as  input  data  and 
assumes  strain  level  superposition  and  constant  strain  wave  speeds. 

In  this  investigation,  accurate  strain  wave  speed  data  will  be 
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experimentally  determined  and  will  be  used  to  predict  strain¬ 
time  histories  during  large-amplitude  strain  wave  propagation  in 
situations  which  involve  wave  reflection  from  both  free  and  fixed 
boundaries.  These  predicted  strain-time  histories  will  be  compared 
to  experimentally-observed  histories  to  verify  or  disprove  the 
validity  of  the  procedure. 

3.  The  variation  in  Poisson’s  ratio  with  strain  and  strain  rate 
must  be  known  to  correctly  interpret  data  from  photoelastoplastic 
investigations.  Such  information  is  also  useful  in  other  static 
and  dynamic  applications.  The  known  and  reported  variations  of 
Poisson’s  ratio  with  strain  for  Lexan  differ  widely  (16,  30),  and 
are  for  quasi-static  situations.  In  this  investigation,  the 
relation  between  Poisson's  ratio  and  strain  for  Lexan  will  be 
determined  for  strains  up  to  approximately  7  percent  at  strain 
rates  on  the  order  of  300  sec  ^  to  2000  sec  This  relation  will 
be  determined  using  a  procedure  employed  by  Bell  (5,  6)  which 
utilizes  the  strain-time  histories,  the  surface  rotation-time 
histories,  and  the  strain  wave  speeds  in  rods  subjected  to  axial 
impact. 

Matters  of  lesser  importance  which  are  considered  are: 

4.  In  an  earlier  series  of  tests  in  which  Lexan  rods  were  subjected 
to  high-speed  axial  impact  (48),  the  strain  wave  speeds  were 
observed  to  be  much  higher  than  the  wave  speeds  predicted  by 
calculations  based  on  quasi-static  material  properties.  This 
suggested  that  the  material  properties  are  considerably  different 
under  static  and  dynamic  conditions.  In  this  investigation,  Young's 
modulus  and  Poisson's  ratio  will  be  determined  at  strain  rates  on 
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the  order  of  300  sec-1  to  2000  sec”1  by  using  the  experimentally- 
determined  dilatational  and  rod  wave  speeds  and  the  appropriate 
equations  of  linear  elasticity. 

5.  Lexan  is  often  employed  in  situations  where  the  material  is 
subjected  to  repeated  Impacts;  thus,  the  effect  of  repeated  elastic 
impacts  on  its  dynamic  behavior  is  of  interest  in  design.  In  this 
Investigation,  this  effect  will  be  investigated  by  subjecting 
previously— impacted  specimens  to  a  second  impact  under  essentially 
identical  conditions.  The  strain-time  behavior  observed  during  the 
two  impacts  -  which  produce  elastic  compressive  strains  above  8 
percent  -  will  be  compared  to  determine  the  effect  —  if  any  —  of 
repeated  elastic  impact. 

6.  In  previous  tests  which  utilized  Lexan  rods  subjected  to  axial 
impact.  It  was  observed  that  some  rods  exhibited  elastic  behavior 
at  impact  velocities  which  should  have  produced  -  based  on  quasi- 
static  material  behavior  -  permanent  plastic  deformation  in  the  rods. 
In  this  investigation,  the  yield  point  strain  in  Lexan  subjected  to 
compressive  short-duration  (approximately  120  usee)  loading-unloading 
pulses  will  be  determined  by  subjecting  Lexan  rods  to  axial  impacts 
at  impact  velocities  which  increase  until  permanent  plastic 
deformation  results.  The  maximum  strain  suffered  by  the  material 
will  be  determined  from  a  strain- time  history  recorded  during  the 
impact,  while  the  permanent  plastic  strain  will  be  determined  from 
post-test  measurements. 

The  experimental  investigation  to  resolve  the  matters  just  discussed 

is  carried  out  by  subjecting  Lexan  rods  to  high-velocity  axial  impact. 

During  propagation  of  the  resulting  large-amplitude  strain  waves  in  the 
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rods,  high-speed  streak  cameras  record  axial  surface  strain-dependent 
and  surface  rotation-dependent  diffraction  patterns  from  in-surface 
diffraction  grating  strain  transducers  which  are  illuminated  by  a  pulsed 
ruby  laser.  To  interpret  this  recorded  diffraction  data,  diffraction- 
strain  relationships  are  developed  and  utilized  to  compute  axial  surface 
strain-time  and  surface  rotation-time  histories  at  various  locations 
along  the  rods.  The  experimental  data  obtained  in  these  tests  are 
analyzed  to  resolve  the  matters  just  discussed  concerning  the  dynamic 
mechanical  behavior  of  Lexan.  The  results  of  this  analysis  are  discussed 
in  detail  in  Chapter  4,  and  are  summarized  in  Section  4.10. 

1.2  Review  of  the  Literature  Concerning  Mechanical  Properties  of  Lexan 

There  is  a  relative  abundance  of  information  in  the  literature 
concerning  the  quasi-static  properties  of  polycarbonates  as  a  class  or 
of  Lexan  in  particular,  but  little  information  concerning  the  behavior 
or  properties  under  dynamic  loading  conditions.  Some  of  this  literature 
is  discussed  in  the  following  paragraphs. 

Various  investigators  have  reported  quasi-static  mechanical 
properties  of  polycarbonates  as  a  class  or  of  Lexan  in  particular. 
Christopher  and  Fox  (21)  describe  the  chemistry,  application 
characterization,  and  fabrication  of  polycarbonate.  Gurtman  et  al. 

(30)  investigated  Lexan  in  order  to  characterize  it  for  use  as  a 
photoplastic  material.  They  report  -  among  other  things  -  creep  and 
relaxation  data,  tensile  stress-strain  curves  run  at  various  load  rates 
and  strain  rates  from  "static"  to  50  lb/min  and  0.2  min-1,  respectively, 
and  the  variation  of  Poisson's  ratio  with  strain.  From  their  testa, 
they  develop  a  stress-strain-strain  rate  relation  and  a  stress-stress 
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rate-strain-strain  rate  relation  for  Lexan  covering  the  ranges  of  stress 
rate  and  strain  rate  mentioned  above.  Brill  (16)  investigated  the 
mechanical  behavior  of  Lexan  for  Che  same  purpose  as  did  Gurtman.  He 
performed  stress  relaxation  tests,  tensile  stress-strain  tests  at  strain 
rates  up  to  0.025  min”*,  and  determined  the  variation  of  Poisson's  ratio 
with  strain.  Brill  found  that  Poisson's  ratio  increased  gradually  from 
an  initial  value  of  0.32  to  a  value  of  approximately  0.42  at  8  percent 
strain,  while  Gurtman  found  that  Poisson's  ratio  increased  rather  rapidly 
from  an  initial  value  of  0.38  to  a  value  of  0.5  at  approximately  3.3 
percent  strain.  Thus,  there  seems  to  be  little  agreement  on  this  point. 
Whitfield  and  Smith  (68)  also  investigated  Lexan  as  a  potential 
photoelastoplastic  material.  They  repeated  some  of  the  constant  strain 
rate  tensile  tests  performed  by  Gurtman,  and  obtained  somewhat  different 
atress-strain  curves;  the  difference  was  attributed  to  the  fact  that 
Gurtman  apparently  did  not  account  for  strain  outside  the  gage  length. 
Brinson  (17)  and  Stormont  et  at.  (62)  have  studied  the  fracture 
characteristics  of  Lexan.  As  part  of  their  investigation,  Stormont's 
group  induced  orthotropic  behavior  in  Lexan  sheet  by  cold-rolling  it  to 
a  50  percent  reduction  in  thickness.  As  a  result,  quite  large  variations 
in  yield  strength.  Young's  modulus,  and  Poisson's  ratio  were  observed 
between  tensile  specimens  cut  parallel  to  and  perpendicular  to  the 
rolling  direction.  The  General  Electric  Company  -  in  their  various 
brochures  -  provides  data  which  describe  the  application  characterization 
and  fabrication  of  Lexan. 

Investigations  dealing  with  the  dynamic  mechanical  behavior  and 
properties  of  Lexan  are  less  prevalent  in  the  literature  than  those 
dealing  with  quasi-static  properties.  Asay  and  Guenther  (2)  -  using  an 
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acoustic  technique  -  measured  the  dilatational  and  shear  wave  speeds 
through  1-10  mm  thick  large  Lexan  sheets  as  a  function  of  temperature, 

-and  computed  Young’s  modulus  and  the  shearing  modulus  using  the  equations 
of  linear  elasticity.  Watson  (66)  has  studied  the  viscoelastic  properties 
of  Lexan  in  conjunction  with  an  investigation  of  gage-length  errors  in 
electrical  resistance  strain  gages.  Using  experimentally-determined 
viscoelastic  parameters  and  one-dimensional  viscoelastic  theory,  he  was 
successful  in  predicting  strain-time  histories  for  the  case  of  a  strain 
pulse  of  0.1  percent  amplitude  propagating  along  a  slender  Lexan  rod. 

The  author  and  others  have  experimentally  investigated  large-amplitude 
strain  wave  propagation  in  longitudinally-impacted  Lexan  rods  (13,  26, 

48,  49),  and  have  used  some  of  the  results  of  these  investigations  to 
examine  aspects  of  the  dynamic  mechanical  behavior  of  Lexan  and  to 
determine  some  of  its  dynamic  elastic  properties  (46) . 

1.3  Review  of  the  Literature  Concerning  Testing  of  Materials 
to  Determine  Dynamic  Material  Behavior 

The  experimental  determination  of  dynamic  mechanical  properties 
of  materials  presents  several  major  problems.  (1)  A  specimen  must  be 
loaded  so  as  to  produce  a  desired  characteristic  stress-strain  state 
in  the  material  being  investigated.  (2)  Precise,  quantitative 
measurements  must  be  made  of  transient  parameters  as  a  function  of 
time.  (3)  The  data  obtained  from  the  experimental  investigation  must 
be  correctly  interpreted  to  yield  the  sought-after  material  properties. 
Many  different  approaches  have  been  used  to  surmount  these  problems; 
some  of  these  are  briefly  discussed  in  the  following  paragraphs,  which 
make  no  pretense  of  being  an  exhaustive  review  of  the  subject. 
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Conventional  or  modified  testing  machines  have  been  used  to 
obtain  stress-strain  data  at  low  strain  rates,  but  are  limited  by  wave 
propagation  in  the  machine  and  specimen  as  strain  rates  are  increased. 
An  upper  limit  for  the  strain  rate  imposed  on  the  specimen  depends  on 
the  accuracy  required  and  on  the  specimen  material  and  geometry;  an 
upper  limit  based  on  plastic  wave  propagation  in  the  material  might  be 
as  low  as  10-20  sec  ^  (45,  52).  Krafft  (44)  provides  a.  good  discussion 
of  instrumentation  for  high-speed  strain  measurement. 

Several  experimental  configurations  have  been  employed  which 
provide  for  dynamic  deformation  of  materials  under  essentially  wave-free 
conditions.  Impulsively-loaded  diaphragms  have  been  used  to  determine 
stress-strain  relationships  for  aluminum  alloy  at  strain  rates  of 
2-3  sec”\  where  the  stress-strain  data  are  deduced  from  measurements  of 
diaphragm  pressure  and  deflection  (28) .  Symmetrical  expansion  of  thin 
rings,  tubes,  or  spherical  shells  offers  a  means  to  produce  uniform 
deformation  in  a  specimen,  avoiding  the  problem  of  wave  propagation. 
Johnson  et  at.  (37)  and  later  Hoggatt  and  Recht  (33)  devised  means  to 
symmetrically  expand  thin  rings  at  high  strain  rates  -  to  8000  sec 
observation  of  the  diameter  of  the  freely-expanding  ring  as  a  function 
of  time  provides  data  sufficient  to  determine  uniaxial  stress-strain 
data  for  the  ring.  However,  the  method  suffers  from  uncertainties 
Introduced  by  the  double  differentiation  of  experimental  displacement- 
time  data  necessary  to  compute  stress.  Perrone  (55)  discusses  how  the 
ring  test  may  be  utilized  to  determine  the  uniaxial  flow  laws  of 
rate-sensitive  perflectly  plastic  and  strain-hardening  materials. 

The  impact  of  flat  plates  at  high  velocities  produces  an  initial 
one-dimensional  strain  state  in  the  plate  material;  experiments  of  this 
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type  are  commonly  used  to  determine  the  stress-volume  Hugonlot  curves 
for  materials  (38).  They  are  also  used  to  investigate  the  applicability 
of  constitutive  equations  developed  for  materials  (18),  and  to  determine 
mechanical  properties  of  materials  at  high  strain  rates  (39). 

Some  investigators  have  determined  dynamic  stress-strain 
relationships  for  metals  from  impact  tests  using  hard  balls  (54). 

The  split-Hopkinson-pressure  bar  technique  has  become  a  widely  used 
means  of  determining  dynamic  mechanical  properties  of  materials.  This 
technique  is  most  commonly  used  in  the  form  introduced  by  Kolsky  (41) 
and  developed  by  Hauser  et  al.  (32),  in  which  a  stress  pulse  travels 
through  an  elastic  input  bar,  through  a  short  specimen,  and  into  an 
elastic  output  bar.  The  elastic  bars  are  instrumented  with  resistance 
strain  gages;  the  recorded  strain  pulses  can  be  used  to  compute  a  dynamic 
stress-strain  curve  for  the  specimen.  This  technique  has  been  applied 
by  Lindholm  (50)  and  Lindholm  and  Yeakley  (51)  at  strain  rates  to  1000 
sec~\  by  Maiden  and  Green  (52)  at  strain  rates  to  10,000  sec  and  by 
many  others.  The  technique  has  been  criticized  on  the  basis  of  some  of 
the  assumptions  made  in  its  use;  Sharpe  and  Hoge  (61)  have  discussed 
these  criticisms  in  a  recent  work  and  have  shown  that  the  technique, 
if  properly  applied,  gives  valid  results  for  strains  above  1  percent. 

A  variation  of  this  technique  has  been  used  by  Duffy  et  al.  (27)  to 
develop  stress-strain  relations  for  1100-0  aluminum  rods  loaded  by 
torsional  pulses;  strain  rates  on  the  order  of  800  sec  ^  were  achieved. 

Vave  propagation  in  impacted  bars  has  been  studied  by  numerous 
investigators  as  a  means  either  of  directly  determining  the  constitutive 
equation  for  a  material,  or  of  verifying  the  validity  of  a  proposed 
constitutive  equation.  Donnell  (23)  introduced  the  first  scheme  for 
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treating  longitudinal  wave  propagation  in  a  medium  with  a  stress-strain 
relation  deviating  from  Hooke's  law.  Stress  waves  in  a  long  bar  made  of 
a  material  which  had  a  bilinear  static  stress-strain  curve  were  analyzed 
by  a  superposition  technique  in  which  the  stress  wave  was  treated  as 
a  succession  of  incremental  steps  in  stress.  Each  stress  increment  was 
assumed  to  propagate  at  a  velocity  determined  by  the  slope  of  the 
material  static  stress-strain  curve  at  the  stress  level  of  the  increment. 
After  Donnell's  paper,  the  subject  of  elastic-plastic  wave  propagation 
appears  to  have  received  little  further  attention  until  the  Second  World 
War.  During  that  time,  the  problem  was  treated  independently  in  the 
United  States,  in  Great  Britian,  and  in  the  Soviet  Union  by  von  Karman 
(64),  von  Karman  and  Duwez  (65),  Taylor  (63),  and  Rakhmatulin  (56), 
respectively.  These  treatments  were  concerned  with  a  material  which 
has  -  for  the  first  deformation  of  the  material  beyond  the  elastic 
limit  -  a  single-valued  rate-independent  stress-strain  curve  in  the  form 
o  ■  o(e),  which  is  concave  toward  the  strain  axis.  It  is  not  specified 
that  the  dynamic  stress-strain  curve  is  necessarily  the  same  as  the 
static  stress-strain  curve.  One-dimensional  stress  conditions  are 
assumed  and  radial  inertia  effects  are  neglected.  A  prediction  of  the 
theory  is  that  each  increment  in. strain  from  e  to  e  +  de  propagates  at 
a  constant  speed  c  given  by 

2  1  da 

C  ’P0dc  * 

where  p  is  the  initial  material  density  and  do/de  is  the  slope  of  the 
o 

stress-strain  curve  at  strain  e.  The  first  experimentalist  to  consider 
the  possibility  of  a  dynamic  stress-strain  relation  differing  from  the 
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static  stress-strain  relation  was  Campbell  (19),  who  made  an  effort 
to  determine  dynamic  stress-strain  curves  for  copper  from  the  study  of 
non-linear  wave  propagation  in  long  rods.  Since  that  time,  numerous 
investigators  have  studied  wave  propagation  in  rods  as  a  means  of 
determining  constitutive  equations  for  a  material  or  of  verifying  the 
validity  of  a  proposed  constitutive  equation.  Investigations  in  this 
area  have  been  made  by  Bell  (3,  5,  6,  7,  8,  9),  Kolsky  (A3),  Malvern 
(53),  Ripperberger  (58),  and  many  others  -  including  the  author  and 
associates  (A6,  49).  Bell  (9)  gives  a  good  review  of  work  that  has 
been  done  in  this  area  and  provides  an  extensive  bibliography;  for 
other  sources  which  have  extensive  bibliographies  on  this  subject,  see 
(1,  22,  29)  and  the  volumes  from  which  (8,  9,  39,  44)  were  taken. 

With  the  advent  of  high-speed  electronic  computers,  numerical 
solutions  have  been  obtained  for  two-dimensional  axisymmetric  wave 
propagation  in  bars  (10,  11,  12,  20,  31,  40).  These  solutions  predict 
and  explain  behavior  which  cannot  be  represented  by  one-dimensional 
analysis.  It  is  hoped  that  these  techniques  will  be  able  to  resolve 
the  apparent  differences  in  material  behavior  as  observed  in  long  rod 
experiments,  short  rod  experiments  with  the  Hopkinson  pressure  bar  and 
its  modifications,  and  plate  impact  experiments.  In  addition,  they 
should  provide  a  more  rigorous  means  for  testing  proposed  constitutive 
equations,  as  well  as  aiding  in  the  design  and  interpretation  of 
experimental  studies  made  to  examine  dynamic  behavior  of  materials.  One 
of  these  investigations  (40)  has  indicated  that  a  constitutive  equation 
proposed  by  Bell  (8)  for  annealed  1100-0  aluminum  -  which  was  developed 
from  one-dimensional  analysis  of  wave  propagation  in  Impacted  rods  -  is 
inaccurate,  in  that  the  proposed  constitutive  equation,  when  used  In  the 
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two-dimensional  numerical  solution,  does  not  predict  well  the  experimental 
data  from  which  it  was  derived.  Another  of  these  investigations  (20) 
f  shows  that  a  condition  of  uniform  one-dimensional  stress  in  impacted 

elastic  rods  is  essentially  attained  after  the  stress  wave  has  traveled 
approximately  four  to  five  diameters  from  the  impact  site.  A  numerical 
investigation  of  one-dimensional  wave  propagation  in  rods  by  Ripperberger 
and  Watson  (59)  leads  them  to  conclude  that  measurements  of  wave  front 
shapes  and  strain  propagation  velocities  are  not  reliable  as  indicators 
of  the  constitutive  relationship  for  a  material,  in  that  a  given 
propagating  wave  front  may  be  produced  by  various  combinations  of 
constitutive  equation  forms  and  input  at  the  impact  site. 

1.4  Outline  of  the  Thesis  Organization 
In  this  investigation,  some  of  the  aspects  of  the  dynamic  mechanical 
behavior  of  Lexan  are  examined  and  some  of  its  dynamic  elastic  properties 
are  determined  through  a  study  of  the  propagation  of  large-amplitude 
strain  waves  in  axially-impacted  Lexan  rods.  The  investigation  Is 
presented  in  this  thesis  as  follows:  Chapter  2  discusses  the  diffraction 
grating  strain  transducer  which  is  used  in  the  investigation,  and  derives 
diffraction-strain  relationships  for  measurements  of  axial  surface  strain 
and  surface  rotation.  Chapter  3  describes  the  experimental  system  and 
the  experimental  procedures  employed  in  the  investigation.  Chapter  4 
gives  the  analysis  of  the  surface  strain-time  and  surface  rotation-time 
data,  the  results  and  conclusions  obtained  from  this  analysis,  and  some 
tentative  recommendations  for  future  investigations.  Chapter  5  gives 
a  list  of  the  references  cited  in  this  thesis.  Chapter  6  contains 


Appendix  6.1,  the  computer  printouts  of  tests  (Appendix  Tables  6.1 
through  6.27);  Appendix  6.2,  summary  of  experimental  conditions 
(Appendix  Table  6.28  and  Appendix  Figures  6.1  through  6.13);  and. 
Appendix  6.3,  the  list  of  symbols  used  throughout  the  thesis. 


14 


2  THE  DIFFRACTION  GRATING  STRAIN  TRANSDUCER 

2,1  Introduction 

The  study  made  here  of  the  propagation  of  large-amplitude  strain 
waves  in  Lexan  rods  involves  the  use  of  the  diffraction  grating  strain 
transducer,  first  introduced  by  Bell  in  1956  (3),  and  used  successfully 
by  him  over  a  period  of  years,  A  diffraction  grating  strain  transducer 
consists  of  a  number  of  equi-spaced  and  parallel  shallow  grooves  formed 
into  the  surface  of  the  material  to  be  tested,  as  shown  in  Figure  2,1. 


Figure  2.1  Photomicrograph  of  a  25  micron  (1016  lines/inch) 
reflective  diffraction  grating  on  polycarbonate 

A  collimated  monochromatic  light  beam  incident  on  such  a  grating  is 
diffracted  into  a  number  of  separate  rays,  as  shown  in  Figure  2.2. 

The  angular  positions  of  these  rays  depend  on  the  wave  length  of  the 
incident  light,  the  separation  of  the  grating  grooves,  and  the  angle  at 
which  the  incident  light  beam  strikes  the  grating  surface.  Under  proper 
conditions  -  to  be  discussed  later  -  the  surface  strain  perpendicular  to 
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the  grating  grooves  and  the  surface  rotation  at  the  grating  site  can  be 
determined  by  observation  of  the  angular  shifts  of  any  two  diffracted 
beams,  hence  the  grating's  utility  as  a  strain  transducer. 


The  diffraction  grating  strain  transducer  possesses  a  number  of 
desirable  characteristics  in  applications  involving  severe  dynamic 
environments.  Some  of  these  characteristics  are: 

1.  The  diffraction  grating  is  formed  directly  into  the  surface  to  be 
studied,  eliminating  any  question  about  a  "bond"  at  the  gage-material 
interface.  Thus,  it  should  faithfully  follow  the  surface  deformation. 

2.  There  is  no  inherent  upper  limit  on  the  magnitude  of  strain  which 
can  be  reported  by  the  transducer;  to  a  large  extent  the  limit 
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depends  upon  the  characteristics  of  the  material  into  which  it  is 
formed. 

3.  As  long  as  the  grating  survives  as  an  ordered  diffraction  source, 
it  will  report  both  elastic  and  plastic  behavior. 

4.  It  has  no  inherent  high-temperature  or  low-temperature  limitations; 
the  temperature  extremes  within  which  it  can  be  used  depend  to  a 
large  extent  on  the  characteristics  of  the  material  into  which  it 
is  formed.  (Bell  (7)  has  used  gratings  on  HOOF  aluminum  at 
temperatures  of  HOOT,  120#F  below  the  melting  point  of  the  metal)  . 

5.  No  mechanical  or  electrical  contact  -  only  optical  -  is  made  with 
the  material  being  studied.  Thus,  the  transducer  neither  impedes 
the  material  deformation  nor  is  it  subject  to  stray  electrical 
signals  generated  during  material  deformation. 

6.  The  transducer  can  be  as  small  as  a  few  thousandths  of  an  inch  on 
a  aide,  facilitating  studies  in  regions  of  high  strain  gradients. 
Since  the  transducer  has  no  inertia  and  its  reporting  element  is 
a  diffracted  light  beam,  its  response  time  to  changing  dynamic 
conditions  is  determined  primarily  by  the  time  required  for  wave 
propagation  across  the  grating. 

Despite  the  advantages  of  the  diffraction  grating  strain  transducer, 
little  use  has  been  made  of  it,  primarily  due  to  the  difficulties  of 
making  gratings  of  sufficient  quality.  Bell  (3,  4)  formed  gratings  on 
cylindrical  rods  by  ruling  into  the  surface  of  the  cylinder,  by  means  of 
an  exactingly  modified  lathe,  "threads"  of  densities  up  to  30,000 
"threads"  per  inch.  Douglas  et  at.  (24,  25)  first  produced  usable 
diffraction  gratings  here  using  a  modified  rotary  microtome.  This 
microtome,  ordinarily  used  for  pathological  studies,  provides  a 
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reciprocating  vertical  motion  coupled  with  a  stepwise  horizontal  advance; 
with  a  wedge-shaped  diamond  indenter  properly  attached  to  the  microtome, 
diffraction  gratings  can  be  produced.  A  third-generation  machine 
developed  by  Douglas  is  employed  currently;  it  uses  a  similar  indentation 
process  to  form  gratings.  This  machine  has  produced  gratings  of  up  to 
50,000  grooves  per  inch,  and  can  form  gratings  into  virtually  any  surface 
at  any  desired  orientation. 

In  this  investigation,  the  diffraction  grating  strain  transducer  is 
used  in  conjunction  with  pulsed  ruby  laser  illumination  and  high-speed 
streak  recording  cameras  to  determine  the  axial  surface  strain-time  and 
surface  rotation-time  histories  along  Lexan  rods  during  the  propagation 
of  large-amplitude  strain  waves  caused  by  longitudinal  impact  on  the 
rods.  The  readout  technique  used  here  differs  from  the  technique  used 
by  Bell,  in  that  the  time  variation  of  the  diffraction  pattern  from  a 
grating  subjected  to  strain  and  surface  rotation  is  recorded  by  direct 
photographic  means  using  high-speed  streak  recording  cameras  rather  than 
by  indirect  photoelectric  means.  Data  recording  by  direct  photographic 
means  removes  any  ambiguities  that  may  exist  where  Indirect  means  are 
used  to  identify  the  position  of  a  diffracted  beam,  as  well  as  allowing 
several  gratings  to  be  read  simultaneously  by  the  same  recording  system 
(26). 

2.2  Diffraction-Strain  Relationships  for  Measurement 
of  Axial  Surface  Strain  and  Surface  Rotation 

Under  well-chosen  conditions,  the  observation  of  the  angular  shifts 
of  any  two  beams  of  light  diffracted  from  a  diffraction  grating  provides 
Information  sufficient  to  determine  the  surface  strain  perpendicular  to 
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the  grating  grooves  and  the  surface  rotation  at  the  grating  site.  These 
relationships  are  developed  in  the  following  paragraph. 

Assume  that  collimated,  monochromatic  light  is  incident  on  the 
grating  such  that  it  i9  perpendicular  to  the  grooves,  although  it  may 
be  inclined  to  the  plane  of  the  grating,  and  that,  during  deformation, 
the  only  component  of  surface  rotation  at  the  grating  is  about  a  line 
parallel  to  the  grooves.  Under  these  conditions,  the  incident  beam  and 
the  diffracted  beams  (orders)  -  both  before  and  during  deformation  *  lie 
in  a  plane  which  is  perpendicular  to  both  the  grating  grooves  and  the 
plane  of  the  grating,  as  in  Figure  2.2.  Under  the  stated  conditions, 
the  theory  of  optical  diffraction  from  gratings  (36)  provides  the 
relationship 

sin  0  -  sin  i  *  nAm  ,  (2.1) 

& 

where  the  terms  are  defined  below  and  illustrated  in  Figure  2.3: 

n  ■  order  of  interference  associated  with  a  particular 
diffracted  beam  (n  may  take  on  positive,  negative,  or 
zero  Integral  values) . 

0  “  angle  between  the  grating  surface  normal  and  the  nth  order 

n  diffracted  beam  (shown  positive  in  Figure  2.3). 

1  ■  angle  between  the  grating  surface  normal  and  the  incident 
beam  (shown  positive  in  Figure  2.3). 

X  “  wavelength  of  the  incident  collimated  monochromatic  light. 

m  ■  number  of  grooves  per  unit  length  of  grating. 

Although  the  observation  of  any  two  diffracted  orders  furnishes 
information  sufficient  to  determine  the  surface  strain  perpendicular 
to  the  grating  grooves  and  the  surface  rotation,  attention  is  directed 
here  to  the  -He1*1  and  -k**1  diffracted  orders,  where  k  is  a  positive 
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Integer.  The  following  quantities  are  defined  in  Figure  2.3: 

0,6"  initial  and  current  n**1  order  diffraction  angles, 
no  n 

iQ,  i  •  initial  and  current  angles  of  incidence. 

w  -  rotation  of  grating  surface  (shown  positive  in  Figure  2.3). 

^  ■  angular  displacement  of  diffracted  order  (shown 

n  positive  in  Figure  2.3). 


Figure  2.3  Diffracted  beams  before  and  after  normal  strain 
and  grating  surface  rotation  (for  clarity,  only 
incident  beam  and  nth  order  diffracted  beam  shown) 

In  the  Initial  state.  Equation  (2.1)  gives,  for  the  +1^  and 
orders,  respectively,  the  relations 


sin  6.  -  sin  i  •  kAm  (2.2) 

■CO  o  o 

and 

,ln  8-ko  ■  >ln  lo  ■  -^“o  • 


(2.3) 
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where 

m  "initial  number  of  grooves  per  unit  length  of  grating. 

o 

After  a  surface  rotation  u  and  an  axial  strain  which  produces  an  m 
different  from  mQ,  Equation  (2.1)  again  applied  to  the  +k  and  -k 
orders  gives 


sin  -  sin  i  -  kAm 


and 


sin  0_k  -  sin  i  ■  -kAm  , 


where 


(2.4) 


(2.5) 


i  •  i  +  u  .  (2.6) 

o 

From  Figure  2.3,  it  is  seen  that 


oi  +  ek  -  U.i) 

and,  similarly, 

w  +  0-k  -  0-lco  +  •  (2*8) 


Define  the  positions  of  the  observed  +kth  and  -kth  orders,  respectively, 
by 

a  "  0ko  +  *k  (2*9) 


and 


6 


-ko 


(2.10) 
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Introduce  the  Eulerian  and  Lagrangian  extensional  strains,  defined, 
respectively,  as 


(2.11) 


and 


(2.12) 


where  d  ■  —  .  Then,  Equations  (2.2)  through  (2.12)  may  be  combined  to 
yield 


u  •  arctan 


•in  a  +  sin  8-2  sin  i 

o 

cos  a  +  cos  8+2  cos  i 

o 


(2.13) 


2  kA»  -  sin  (a  -  u)  +  sin  (8  -  w) 
o 

*E  “  2  kAm 

o 

and 

2  kAra^  -  sin  (a  -  u)  +  sin  (6  -  w) 
*L  sin  <a  -  w)  -  sin  (B  -  m) 


(2.14) 


(2.15) 


Equations  (2.13)  through  (2.15),  along  with  Equations  (2.9)  and  (2.10), 
determine  the  surface  strain  perpendicular  to  the  grating  grooves  and 
the  surface  rotation  at  the  grating  site.  These  equations  do  not  embody 
any  small  rotation  or  small  strain  assumptions.  To  compute  the  surface 
•train  and  surface  rotation  as  a  function  of  time  during  deformation,  it 
la  necessary  only  to  determine  the  angular  shifts  ^  and  ip  as  functions 
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of  time;  all  other  quantities  are  known  or  can  be  determined  prior  to 
deformation. 

The  diffraction-strain  relationships  developed  here  are  useful  and 
valid  only  under  rather  special  conditions;  other  diffraction-strain 
relationships  which  are  valid  under  more  general  conditions  have  been 
developed  by  Blake  (14)  and  Blake  et  at.  (15). 
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3  EXPERIMENTAL  EQUIPMENT  AND  PROCEDURES 
3.1  Introduction 

This  chapter  describes  the  experimental  system  and  the  experimental 
procedures  used  to  determine  the  axial  surface  strains  and  the  surface 
rotations  in  circular  cylindrical  rods  during  the  propagation  of  large- 
amplitude  strain  waves  caused  by  high-velocity  axial  impact  on  the  rods. 
The  topics  dealt  with  in  the  various  sections  of  this  chapter  are  as 
follows:  Sections  3.2  through  3.6  discuss  the  experimental  system,  its 
components,  and  the  various  procedures  associated  with  their  use. 

Section  3.7  discusses  the  preparation  of  the  Lexan  strikers  and  specimens 
used  in  testing.  Section  3.8  discusses  the  reduction  of  surface  strain¬ 
time  data  and  surface  rotation-time  data  from  test  photographs.  Section 
3.9  gives  some  general  comments  about  the  performance  of  the  system. 

These  various  topics  will  now  be  discussed  in  more  detail. 

3.2  Experimental  System  Configuration 
To  determine  the  axial  surface  strains  and  surface  rotations  in 
circular  cylindrical  rods  during  axial  impact,  a  system  is  employed 
which  consists  essentially  of  four  subsystems: 

1.  The  striker  accelerator  and  target  chamber  with  provision  for 
supporting  the  target  specimen  and  aligning  it  with  the  striker. 

2.  The  diffraction  grating  illuminator. 

3.  The  diffracted  beam  observer  and  recorder. 

4.  The  system  control  and  monitor. 

A  schematic  diagram  and  a  photograph  of  the  entire  system  are  shown 
in  Figures  3.1  and  3.2,  respectively.  The  various  components  of  the 
experimental  system  are  discussed  in  subsequent  sections  of  this  chapter. 
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3*3  Striker  Accelerator;  Specimen  Support  and  Alignment  . 

The  accelerator  used  has  a  smoothbore  barrel  of  19  mm  bore  and 
propels  a  striker  of  the  same  rod-like  configuration  as  the  specimen, 
with  the  axial  impact  of  the  striker  and  specimen  taking  place  in  an 
evacuated  target  chamber.  The  accelerator  may  be  operated  either  as  a 
powder  accelerator  or  as  a  compressed-gas  accelerator.  The  design  of 
this  accelerator  is  discussed  in  (35,  67). 

As  a  powder  accelerator,  the  energy  for  the  acceleration  is  furnished 
by  the  expanding  powder  gas  from  a  standard  12  gauge  shotgun  load  with 
the  shot  removed.  By  selecting  different  standard  loads  and  varying  the 
striker  weight,  striker  velocities  from  500  fps  to  1800  fps  are  readily 
achievable  and  quite  reproducible,  usually  within  2  percent. 

For  use  as  a  compressed-gas  accelerator,  the  19  mm  accelerator  is 
converted  from  powder  operation  to  compressed-gas  (in  this  case,  nitrogen) 
operation  by  a  simple  conversion  unit  consisting  of  a  14  inch  long 
thick-wall  compressed-gas  reservoir,  a  chamber  bushing  to  take  the  place 
in  the  accelerator  breech  of  the  shotgun  shell  case  (to  provide  a  constant 
diameter  bore),  and  a  connecter  which  attaches  the  gas  reservoir  to  the 
accelerator  breech  and  houses  the  striker  release  mechanism.  The 
conversion  unit  attached  to  the  accelerator  breech  is  shown  in  Figures 
3.2  and  3.3;  Figure  3.4  shows  the  internal  detail  of  the  connecter  and 
striker  release  mechanism.  In  use,  the  bore-diameter  striker  is  inserted 
into  the  connecter  through  an  O-ring  which  seals  around  the  striker,  and 
is  held  fast  by  a  pin  which  is  inserted  into  a  shallow  hole  drilled  in 
the  rear  side  of  the  striker.  The  chamber  bushing  is  inserted  in  the 
breech,  and  the  connecter  with  striker  is  screwed  onto  the  breech. 


Figure  3.4  Detail  of  converter  connecter  and  striker  release  mechanism 
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The  gas  reservoir  then  is  attached  to  the  other  end  of  the  connecter 
and  pressurized,  using  bottled  compressed  nitrogen,  with  the  rear  of  the 
striker  sealing  the  reservoir.  For  pressures  up  to  about  250  psi,  a 
two-stage  regulator  is  used  to  obtain  the  desired  reservoir  pressure, 
while  for  pressures  from  250  psi  upward  to  the  nitrogen  cylinder  pressure 
(about  2600  psi) ,  a  large-diameter  pressure  gage  (on  which  5  psi  can  be 
estimated)  and  a  valving  arrangement  are  used.  The  latter  can  be  seen 
in  Figure  3.2.  To  release  the  striker,  a  safety  is  removed,  and  the 
firing  lever  depressed  to  pull  the  pin  from  the  rear  of  the  striker. 

Due  to  the  relatively  light  weight  of  the  strikers  used  in  these 
tests  (approximately  33.5  grams  for  the  four- inch  strikers  and  8.3  grams 
for  the  one- inch  strikers),  apparently  identical  strikers  often  behave 
quite  differently  when  fired,  particularly  the  lighter  ones.  Therefore, 
before  the  actual  test  is  conducted,  the  striker  to  be  used  is  test- 
fired  several  times  to  determine  the  reservoir  pressure  necessary  to 
obtain  the  desired  velocity.  In  these  test-firings,  the  strikers  are 
soft-caught  undamaged  in  a  large  mass  of  nylon  parachute  cloth.  By 

of  these  test-firings,  velocities  usually  can  be  reproduced  within 
plus  or  minus  1  percent  (see  Appendix  Table  6.28). 

The  reservoir  pressure  necessary  to  attain  a  desired  velocity  with 
a  given  projectile  is  estimated  before  test-firing  by  assuming  that  the 
work  done  by  an  adiabatic  expansion  of  the  compressed  nitrogen  gas  is 
entirely  converted  into  kinetic  energy  of  the  striker.  For  the 
experimental  configuration  used,  this  yields  the  following  expression 
for  the  required  reservoir  pressure  (47) : 


(3.1) 


where 
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P  *  initial  reservoir  pressure  (psia) , 
o 

Vg  -  desired  striker  velocity  at  impact  (ft/sec),  and 
Wg  ■  striker  mass  (grams). 

Using  reservoir  pressures  estimated  by  Equation  (3.1),  the  actual  striker 
velocity  is  approximately  7.5  percent  low  when  using  one- inch  and  four- 
inch  Lexan  strikers.  Equation  (3.1)  becomes  more  accurate  as  the  striker 
weight  increases  (47) . 

The  specimen  is  positioned  in  the  evacuated  target  chamber  by  means 
of  a  specimen  holder  of  seamless  mechanical  tubing,  which  is  aligned 
concentric  with  the  accelerator  bore  using  a  mandrel.  The  specimen  is 
aligned  inside  the  specimen  holder  by  1.118  inch  diameter  Lexan  guide 
rings  which  are  machined  concentric  with  the  specimen,  and  which  fit 
snugly  inside  the  specimen  holder.  The  specimen  holder  Is  slotted  to 
provide  a  light  path  for  the  laser  beam  incident  on  the  diffraction 
grating  and  for  the  diffracted  rays.  High-quality  plate-glass  ports 
provide  optical  access  to  the  evacuated  target  chamber. 

The  high  degree  of  reproducibility  of  the  strain-time  and  surface 
rotation-time  data  indicates  that  axial  Impact  is  realized  using  this 
alignment  procedure,  which  is  essentially  the  same  as  that  discussed 
in  (26). 


3,4  .Diffraction  Grating  Illuminator 
A  grating  illuminator  must  satisfy  the  following  criteria: 

1.  Collication  Is  required  so  that  a  given  order  is  diffracted  by 
a  unique  angle  regardless  of  the  translational  position  of  the 
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grating  in  the  field  of  illumination,  i.e. ,  among  other  things, 
the  angular  position  of  a  given  diffracted  order  is  dependent  on 
the  angle  at  which  the  incident  light  strikes  the  grating. 

2.  A  monochromatic  light  source  is  necessary  to  simplify  the  problem 
of  data  reduction,  since  a  polychromatic  incident  light  would 
produce  a  spectrum  of  rays  that  would  be  difficult  to  identify 
individually  and  difficult  to  follow. 

3.  Since  the  diffracted  orders  are  to  be  photographically  recorded, 
the  light  intensity  must  be  adequate  to  give  high  intensities  in 
the  diffracted  orders,  even  from  small  gratings.  The  requirement 
of  high  writing  rates  magnifies  the  need  for  high  intensities. 

A.  The  size  of  the  block  of  collimated  light  must  be  large  enough  to 
continue  to  cover  the  grating  as  it  translates  after  impact. 

An  essential  ingredient  in  the  solution  found  here  to  the  above- 
specified  problem  is  a  Korad  Model  K-1C  Jr.  conventional  mode  ruby 
pulsed  laser  with  rated  full  power  output  of  8  joules  at  6943  A,  fitted 
with  a  beam  spreader  constructed  of  cylindrical  lenses  (Figure  3.5). 

The  beam  spreader  was  adjusted  so  that  a  horizontally-collimated  light 
block  1-1/2  inches  wide  is  obtained.  Measurements  indicate  that  the 
resulting  beam  diverges  less  than  0.15  milliradian  in  the  horizontal 
plane.  A  narrow  band  pass  filter  is  used  to  block  the  flash  from  the 
xenon  flash  tube  in  the  pulsed  laser.  A  Spectra-Physics  Model  124 
helium-neon  continuous-wave  laser  with  rated  output  of  15  milliwatts  at 
6328  A  is  used  to  align  the  recording  cameras  with  the  diffracted  orders. 
This  is  done  by  placing  a  dowel-located  removable  beam  diverter  in  the 
pulsed  laser  cavity  to  direct  the  cw  laser  beam  through  the  beam  spreader 
parallel  to  the  pulsed  laser  beam.  The  cw  laser  beam  then  is  used  for 
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alignment  of  the  pulsed  laser.  Allowance  is  made  for  the  slight  angular 
shift  in  diffracted  orders  due  to  the  difference  in  wavelengths  between 
the  cw  laser  and  the  pulsed  laser.  Measurements  indicate  that  the  cw 
laser  and  the  pulsed  laser  beams  are  parallel  within  0.44  milliradian. 
The  entire  illumination  unit  is  mounted  on  a  base  which  adjusts  for 
elevation  and  tilt  and  which  can  be  translated  on  a  leveled  surface 
plate. 


Figure  3.5  Diffraction  grating  illuminator 


Approximately  600  nsec  are  required  to  initiate  the  pulsed  lasing 
action,  ao  the  laser  trigger  circuit  is  activated  before  impact  by  the 
passage  of  the  striker  down  the  accelerator  barrel,  where  it  interrupts 


a  light  beam  incident  on  a  phototransitor,  shown  in  Figure  3.1. 
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To  reduce  the  background  Illumination  reaching  the  recording 
cameras,  slits  and  non-*reflective  materials  are  used  at  various  points 
along  the  incident  and  diffracted  light  paths. 

3.5  Diffracted  Beam  Tracking  and  Recording 

In  the  particular  experimental  configuration  employed,  the  incident1 
light  beam  from  the  grating  illuminator  is  adjusted  so  that  it  is 
initially  normal  to  the  grating  surface  (iQ  m  0).  Two  camera  systems 
observe  the  symmetrically-located  +k^  and  — diffracted  orders,  as 
seen  in  Figures  3.1  and  3.2. 

In  order  to  track  and  record  the  movements  of  the  observed  diffracted 
orders  over  as  large  an  angular  displacement  as  possible,  two  ,,filmless,, 
receiving  cameras  are  placed  quite  near  the  observation  port  in  the 
target  chamber.  These  are  simple  devices,  constructed  of  a  Kodak 
Aero-Ektar,  f/2.5,  7  inch  focal  length  lens  and  a  strip  of  ground  glass 
placed  in  the  focal  plane  of  the  lens.  This  placement  ensures  that 
translation  of  the  grating  in  the  Incident  collimated  light  bundle 
causes  no  shift  in  the  position  of  the  diffracted  order  on  the  ground 
glass  strip.  These  cameras  are  shown  in  Figure  3.6.  The  receiving 
cameras  are  calibrated  so  that  the  relationship  between  the  angular 
shift  of  the  diffracted  order  and  its  displacement  on  the  ground  glass 
strip  Is  known.  The  cameras  were  calibrated  by  reflecting  an  attenuated 
cw  laser  beam  off  a  sextant-mounted  front-surface  mirror  and  through  the 
camera  lens,  then  measuring  the  displacement  of  the  focused  beam  on  the 
ground  glass  as  the  mirror's  angular  orientation  was  changed  by  known 
amounts.  The  maximum  angle  of  acceptance  of  the  receiving  cameras' 
lenses  is  about  34* ,  with  the  angular  shift-displacement  relationship 
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constant  within  about  0.4  percent  within  about  28*  centered  on  the 
optical  axes  of  the  lenses. 


Figure  3.6  Receiving  cameras,  showing  diffracted  rays 
and  calibration  plate 


The  high-speed  streak  recording  cameras  are  focused  on  the  ground 
glass  strips  in  the  receiving  cameras*  focal  planes.  Two  different 
types  of  cameras  are  used  (not  by  design,  but  by  reason  of  availability). 
One  is  a  TRW  Model  ID  image  converter  camera  with  a  Model  8B  200  ysec 
streak  unit  (which  was  adjusted  to  give  a  250  ysec  streak  duration) , 
operating  at  a  writing  rate  of  0.22  mm/ysec,  using  Polaroid  Type  51 
high-contrast  film.  The  other  camera  is  a  Beckman  and  Whitley  Model  318 
drum  camera,  operated  at  its  maximum  writing  rate  of  about  0.26  mm/ysec 
(providing  several  thousand  microseconds  of  recording  time),  using  Kodak 
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2485  high-speed  recording  film.  Exposure  control  for  the  cameras  is 
effected  either  by  neutral  density  filters  placed  in  front  of  the 
receiving  camera  lens  or  by  using  the  proper  f/stop  on  the  recording 
camera  lens.  The  proper  exposure  to  use  for  a  particular  grating  is 
found  by  making  trial  exposures  prior  to  the  actual  test.  The  drum 
camera  is  continuous-writing  and  thus  needs  no  synchronization  (the 
shutter  is  simply  opened  during  the  moment  of  impact),  whereas  the  image 
converter  camera  is  triggered  at  impact  by  a  contact  of  striker  and 
specimen,  as  described  later.  During  impact,  the  recording  cameras 
mechanically  or  electronically  streak  the  film  perpendicular  to  the 
motion  of  the  diffracted  orders  on  the  screens  of  the  receivers  described 
above.  (In  this  configuration,  the  movement  of  the  diffracted  orders  is 
in  a  horizontal  plane).  Typical  film  records  are  shown  in  Figure  3.7. 

3.6  System  Control  and  Monitoring 
The  proper  coordination  of  the  various  functions  which  the 
experimental  system  must  perform  is  accomplished  by  the  pulsed  laser 
trigger  circuit  and  the  image  converter  camera  trigger  circuit.  The 
velocity  of  the  striker  is  determined  by  the  velocity  measurement 
circuit.  The  pulsed  laser  output  and  the  impact  time  are  monitored  on 
a  dual-beam  oscilloscope  as  a  check  on  proper  functioning  of  the  control 


circuits. 
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The  pulsed  laser  trigger  circuit  is  activated  by  the  striker's 
passage  down  the  accelerator  bore,  where  it  interrupts  a  light  beam 
incident  on  a  Texas  Instruments  LS-400  N-P-N  phototransistor,  which  has 
a  fall  time  of  approximately  10  usee.  This  provides  a  signal  to  a 
Tektronix  Type  556  dual-beam  oscilloscope,  which,  after  an  experimentally- 
determined  delay,  provides  a  pulse  to  the  pulsed  laser  power  supply  and 
fires  the  laser.  The  delay  is  so  chosen  that  impact  takes  place  from 
25  to  50  usee  after  lasing  action  commences. 

The  image  converter  camera  trigger  circuit  is  activated  at  impact 
by  a  contact  switch  to  be  described  later.  The  circuit  consists  of  the 
contact  switch,  a  22. 5v  battery,  and  a  47  kilohm  resistor  in  series. 

The  rising  emf  at  impact  provides  a  signal  to  a  trigger  delay  generator 
which  then  triggers  the  image  converter  camera.  Delay  times  of  0  to 
99.99  usee  can  be  set  on  the  delay  generator.  (Zero  delay  is  used  in 
these  tests).  The  total  minimum  inherent  delay  from  impact  to  start  of 
streak  on  the  image  converter  camera  is  about  125  nsec. 

The  velocity  of  the  striker  is  measured  by  recording  the  striker 
travel  time  over  a  known  distance.  Two  LS-400  phototransistors  are 
placed  in  ports  10.88  inches  apart  in  the  accelerator  barrel,  with  the 
second  port  at  the  muzzle.  The  passing  striker  interrupts  light  incident 
on  the  phototransistors,  providing  signals  which  successively  start  and 
stop  a  Beckman  Instruments  Model  6380  counter.  The  elapsed  time  (measured 
to  0.1  usee)  is  then  converted  to  striker  velocity.  The  accelerator  was 
not  vented  in  these  tests,  so  that  the  striker  had  a  slight  acceleration 
during  the  time  its  average  velocity  was  measured;  a  calculation  using 
the  accelerator  characteristics  indicates  that  the  striker  velocity  at 
Impact  was  higher  than  the  average  velocities  reported  in  Appendix  Table 
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6.28  by  about  1.5  and  1.7  percent  for  one-inch  and  four-inch  strikers, 
respectively. 

The  outputs  of  the  pulsed  laser  and  the  image  converter  camera 
trigger  circuit  are  monitored  on  the  dual-beam  oscilloscope.  All  the 
inputs  are  displayed  on  a  2000  usee  sweep.  The  upper  beam  displays  the 
character  of  the  laser  pulse  as  read  from  the  incident  laser  beam  by  an 
EG&G  SGD-100  photodiode,  which  has  a  rise  time  of  4  nsec  and  a  fall  time 
of  15  nsec.  A  small  percentage  of  the  incident  laser  beam  is  diverted 
for  this  purpose  by  placing  an  inclined  clear  glass  plate  in  the  path  of 
the  beam,  seen  in  Figure  3.5.  The  lower  beam  displays  impact  time  and 
duration  of  contact  between  striker  and  specimen.  Figure  3.8  shows  a 
typical  oscilloscope  record. 


Figure  3.8  Typical  system  monitor  record 
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3.  A  diffraction  grating  is  formed  on  the  flat  at  the  desired  location 

by  impressing  parallel  grooves  one  at  a  time  with  a  wedge-shaped 

diamond  indenter,  using  a  previously-mentioned  machine  developed  by 

Douglas.  The  grooves  are  formed  perpendicular  to  the  direction  of 

the  strain  component  to  be  measured,  i.e.t  the  axial  strain  component. 

The  tests  reported  here  generally  utilized  gratings  having  18,000  to 

19,500  grooves  per  inch  (although  several  gratings  reached  23,600 

-4 

grooves  per  inch),  with  groove  depths  on  the  order  of  3  x  10  mm. 

(Sharpe  (60)  has  found  that  in  aluminum,  groove  depths  up  to 
-4 

approximately  38  x  10  mm  have  no  appreciable  effect  on  the  dynamic 
strain  distribution  in  the  vicinity  of  the  groove) . 

4.  Information  sufficient  to  determine  the  initial  line  density  mQ  of 
the  grating  is  obtained  by  measuring  to  within  about  ±2  minutes  the 
angle  between,  say,  the  +1  and  -1  diffracted  orders,  with  the  grating 
illuminated  by  a  cw  laser  in  normal  incidence  (i  -  0) .  The  angle 
between  the  two  orders  is  measured  by  traversing  a  sextant-mounted 
front-surface  mirror  in  a  straight  line  so  that  it  intersects  both 
orders,  and  at  its  intersection  with  each  order,  orienting  the 
mirror  so  that  the  diffracted  ray  is  reflected  back  along  itself. 

The  change  in  angular  orientation  of  the  mirror  then  gives  the  angle 
between  the  two  diffracted  orders,  and  Equation  (2.1)  may  be  employed 
to  compute  mQ. 

5.  Lexan  guide  rings  are  pressed  onto  the  specimen  using  approximately 
0.007  inch  diametrical  interference,  and  are  turned  concentric  with 
the  specimen  to  a  1.118  inch  outside  diameter.  In  the  test  results, 
no  evidence  is  seen  of  any  appreciable  wave  reflection  from  these 
guide  rings  (as  discussed  in  Section  4.9). 
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6.  A  very  thin  aluminum  film  is  vacuum  evaporated  onto  the  grating 
site.  This  increases  the  intensity  of  the  diffracted  orders  and 
allows  the  grating  to  be  masked  off  to  a  small  size  (approximately 
1/32  to  1/64  inch  long).  The  aluminum  film  must  be  very  thin,  or 
it  sometimes  flakes  off  during  impact,  causing  the  intensities  of 
the  diffracted  orders  to  fall  below  the  exposure  threshold  of  the 
recording  film. 

7.  A  0.00075-inch- thick  split-foil  contact  switch  is  attached  to  the 
specimen's  nose  by  spraying  a  thin  film  of  Scotch  Spra-ment  adhesive 
onto  the  foil,  and  then  pressing  the  nose  of  the  specimen  onto  the 
cement-coated  foil  with  the  foil  resting  on  a  surface  plate.  (The 
nose  of  the  striker  is  foil-covered  in  the  same  fashion,  and  closes 
the  switch  on  impact) .  Camera  trigger  circuit  lead  vires  are 
attached  to  the  two  halves  of  the  foil  switch  on  the  specimen's  nose, 
and  led  back  through  slots  in  the  guide  rings.  The  presence  of  the 
foil  switch  between  striker  and  specimen  is  of  concern  only  in  the 
analysis  presented  in  Section  4.9,  which  deals  with  approximate 
predictions  of  surface  strain-time  histories.  In  that  approximate 
analysis,  which  involves  wave  propagation  across  the  striker-specimen 
interface,  the  presence  of  the  foil  switch  is  neglected. 

8.  The  area  surrounding  the  grating  is  blackened  and  the  grating  masked 
off  by  painting  with  a  permanent-type  felt-tip  marking  pen.  This 
helps  reduce  the  background  illumination  reaching  the  recording 
cameras;  it  also  improves  the  quality  of  the  diffracted  orders, 
since  the  highest  quality  portion  of  the  grating  can  be  selected  as 
the  sensing  element.  The  felt-tip  marker  has  the  advantage  that  its 
ink  does  not  flake  off  during  impact;  in  some  previous  tests,  the 
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diffracted  orders  being  observed  apparently  were  obscured  during 
portions  of  the  recording  time  by  flaking  paint,  leaving  gaps  in 
the  photographic  record. 

The  strikers  are  prepared  as  follows: 

1.  The  striker  is  turned  to  bore  diameter  in  a  lathe,  with  3/8  inch  of 
its  nose  turned  0.005  inch  undersize.  (The  lengths  of  the  various 
strikers  are  tabulated  in  Appendix  Table  6.28). 

2.  A  hole  5/32  inch  in  diameter  and  1/8  to  3/16  inch  deep  is  drilled 
in  the  side  of  the  striker  3/16  inch  from  the  rear  for  insertion  of 
the  pin  which  holds  the  striker  prior  to  firing.  (This  pin  can  be 
seen  in  Figure  3.4). 

3.  The  undersize  portion  of  the  striker  is  spray-painted  flat  black  to 
provide  the  opaque  section  necessary  for  the  striker  to  reliably 
interrupt  the  photosensors  used  in  the  various  timing  and  monitoring 
circuits. 

4.  The  nose  of  the  striker  is  covered  with  foil,  using  the  same 
procedure  as  used  for  the  specimen. 

3.8  Data  Reduction 

The  two  streak  photographs  taken  by  the  high-speed  recording  cameras 
determine  the  diffracted  order  angular  shifts  ^  and  ij as  functions 
of  time.  Typical  pairs  of  photographs  are  shown  in  Figure  3.7.  These 
photographs  do  not  exhibit  a  continuous  record  due  to  the  rapidly 
fluctuating  nature  of  the  pulsed  laser  light  (see  Figure  3.8).  The 
streak  photograph,  consequently,  consists  of  a  series  of  dots  at  2  to 
5  yaec  intervals.  The  vertical  reference  lines  are  placed  on  the  film 
before  the  test  by  streaking  the  images  of  two  0.35  mm  diameter 
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Illuminated  holes  which  are  a  known  distance  apart  in  a  calibration 
plate  placed  in  the  focal  plane  of  the  receiving  camera.  This  plate  can 
be  seen  between  the  receiving  cameras  in  Figure  3.6.  These  lines  serve 
the  purposes  of  (1)  establishing  the  streak  direction  (i.e.,  the  time 
axis)  on  the  film  record,  (2)  determining  the  magnification  from  the 
receiving  camera  to  the  recording  camera,  and  (3)  establishing  a  reference 
which  determines  the  location  of  any  diffraction  spot  on  the  receiving 
camera  screen. 

Measurements  are  made  on  each  film  record  using  an  x-y  vernier 
microscope  reading  to  0.01  mm.  The  image  converter  camera  record  begins 
with  a  point  which  is  recorded  in  a  framing  mode  of  the  camera  before 
the  test,  and  which  defines  the  initial  point  of  the  streak  (time  t  *  0 
or  impact),  as  well  as  the  initial  spatial  location  of  that  diffracted 
order.  The  drum  camera  is  continuous-writing,  and  thus  its  record  will 
contain  a  number  of  diffraction  dots  recorded  before  impact,  which  serve 
to  define  the  initial  spatial  location  of  that  order.  The  image  converter 
camera  and  drum  camera  film  records  are  matched,  using  the  timewise 
spacing  and  intensities  of  the  orders,  and  thus  impact  time  is  fixed  on 
the  drum  camera.  Displacements  of  the  diffracted  orders  in  the  time  and 
spatial  directions  are  measured  from  these  initial  points  on  each  film 
record.  These  data,  with  other  known  quantities  and  system 
characteristics,  are  employed  in  a  computer  program  to  compute  surface 
rotation,  strain,  and  other  desired  quantities  at  each  data  point  after 
impact.  The  time  after  impact  at  each  data  point  is  computed  from  the 
drum  camera  film  record. 

The  time  during  which  the  striker  and  specimen  are  in  contact  can 
be  determined  to  some  degree  of  approximation  from  the  duration  of  the 
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impact  signal  on  the  lower  trace  on  the  system  monitor  record  (Figure 
3.8). 

An  uncertainty  analysis  (34)  of  the  data  reduction  technique  and 
the  experimental  configuration  indicates  that  the  uncertainty  in  the 
strain  measurements  is  about  0.002  in/in,  so  that  a  strain  of  0.1  in/ in 
could  be  measured  with  an  uncertainty  of  2  percent.  However,  the 
reproducibility  of  the  experimental  results  indicates  that  under  good 
conditions  the  uncertainty  in  the  strain  measurements  is  probably  under 
0.001  in/in.  In  a  check  to  ascertain  observer  bias  in  reduction  of  the 
data,  a  set  of  test  data  was  reduced  from  test  photographs  by  two 
independent  observers  -  one  inexperienced;  the  results  generally  agreed 
with  0.1  usee  and  0.001  in/in  for  time  and  strain,  respectively. 

3.9  Summary 

The  experimental  system  has  proven  to  be  an  excellent  one  for 
measuring  surface  strain-time  and  surface  rotation-time  detail  during 
the  propagation  of  large-amplitude  strain  waves  in  Lexan  rods;  it  should 
perform  equally  well  for  any  material  whose  surface  -  like  Lexan* s  - 
remains  smooth  during  deformation. 

When  testing  materials  like  Lexan  -  whose  surfaces  remain  smooth 
during  deformation  -  one  of  the  primary  factors  limiting  the  maximum 
strain  which  can  be  recorded  by  the  system  is  the  amount  of  surface 
rotation  present  at  the  grating  site.  Large  surface  rotations  cause 
large  angular  shifts  in  the  diffracted  beams;  when  these  are  coupled 
with  large  angular  shifts  due  to  strain,  the  diffracted  beam  for  which 
these  two  effects  are  additive  is  likely  to  move  out  of  the  angle  of 
acceptance  of  the  receiving  camera,  and  hence  terminate  the  experimental 
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record.  In  the  absence  of  large  surface  rotations,  quite  large  strains 
can  be  recorded  (to  20  percent  in  test  LS2-21;  also  see  (48)).  (The 
primary  factor  which  limits  the  maximum  strain  which  can  be  reported  by 
a  grating  formed  into  a  crystalline  material  is  the  disordering  of  the 
surface  during  deformation,  which  impairs  the  regularity  of  the  grating 
and  thus  destroys  the  coherence  of  the  diffracted  beams  (47)). 

The  test  procedure,  once  the  experimental  system  is  set  up  and 
functioning  properly,  is  not  particularly  difficult  or  time-consuming. 
Starting  with  a  prepared  specimen,  the  test  itself  and  the  reduction  of 
data  from  the  test  photographs  entails  approximately  6  to  8  man-hours; 
one  person  can  set  up  and  perform  a  test  without  a  great  deal  of 
difficulty,  although  two  persons  are  desirable  from  the  standpoint  of 
safety  and  efficiency. 
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4  EXPERIMENTAL  RESULTS  AND  CONCLUSIONS 

4.1  Introduction 

In  this  chapter,  the  surface  strain-time  and  the  surface  rotation¬ 
time  data  obtained  from  the  tests  involving  Lexan  rods  subjected  to 
longitudinal  impact  are  analyzed  to  examine  some  aspects  of  the  dynamic 
behavior  of  Lexan  and  to  determine  some  of  its  dynamic  elastic  properties 
The  topics  dealt  with  in  the  various  sections  of  this  chapter  are 
discussed  in  the  following  paragraphs. 

Section  4.2  discusses  briefly  the  surface  strain-time  and  surface 
rotation-time  data.  It  gives  the  ranges  of  grating  location,  strain, 
and  strain  rate  for  the  tests,  as  well  as  some  pertinent  experimental 
conditions . 

In  Section  4.3,  strain  wave  speeds  along  Lexan  rods  are  determined 
as  functions  of  strain  level  and  distance  from  the  impact  site.  These 
wave  speeds  are  computed  from  the  strain-time  histories  at  various 
positions  along  the  rods,  and  show  the  transformation  of  the  initial 
dllatational  wave  (uniaxial  strain)  into  a  rod  wave  (uniaxial  stress)  as 
the  wave  travels  along  the  rod.  They  give  the  dilatational  wave  speed 
for  small  strain  in  Lexan,  and  are  used  in  subsequent  calculations  to 
determine  some  of  the  dynamic  elastic  properties  of  Lexan. 

In  Section  4.4,  the  strain  wave  speeds  under  approximate  uniaxial 
■tress  conditions  in  Lexan  rod  are  found,  and  are  seen  to  be  essentially 
constant  for  a  given  strain  level.  Young's  modulus,  Poisson's  ratio, 
and  the  shearing  modulus  for  Lexan  are  computed  using  the  wave  speed 
data  and  the  equations  of  linear  elasticity,  and  are  compared  to 
published  quasi-static  and  dynamic  values. 
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In  Section  4.5,  a  dynamic  stress-strain  relation  for  Lexan  Is 
developed  using  some  of  the  results  of  the  von  Karman  rate-independent 
theory  of  one-dimensional  longitudinal  stress  wave  propagation  in  rods 
(42,  65)  and  the  strain  wave  speeds  for  approximate  one-dimensional 
stress  conditions.  This  dynamic  stress-strain  relation  is  compared  to 
published  quasi-static  data. 

In  Section  4.6,  the  variation  of  Poissonfs  ratio  with  strain  under 
dynamic  conditions  in  Lexan  is  investigated  using  the  strain-time 
history,  the  surface  rotation-time  history,  and  the  strain  wave  speeds 
at  a  position  along  a  rod.  The  procedure  is  one  employed  by  Bell  (5,  6) 
to  investigate  the  variation  of  Poissons  ratio  with  strain  in  annealed 
HOOF  aluminum.  The  results  are  compared  to  published  quasi-static  data. 

In  Section  4.7,  the  yield  point  strain  in  Lexan  rods  subjected  to 
short-duration  loading-unloading  pulses  is  investigated.  This  is  done 
by  impacting  Lexan  specimens,  recording  the  strain-time  histories  at 
chosen  grating  sites,  and  then  making  post-test  measurements  of  the 
grating  groove  spacing  to  determine  the  amount  (if  any)  of  permanent 
plastic  deformation. 

In  Section  4.8,  the  effect  of  a  previous  elastic  impact  on  the 
•train-time  history  obtained  during  a  subsequent  impact  is  investigated 
by  subjecting  Lexan  specimens  to  two  separate  impacts  under  essentially 
identical  conditions. 

In  Section  4.9,  attempts  are  made  to  predict  some  of  the 
experimentally-observed  strain-time  histories  in  impacted  Lexan  rods. 
These  predictions  are  attempted  as  a  check  on  the  accuracy  of  the 
experimentally  determined  strain  wave  speeds  and  to  test  the  feasibility 
of  predicting  -  in  a  simple  fashion  -  the  strain-time  history  at  a  point 
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along  a  Lexan  rod  given  the  strain-time  history  at  some  other  point. 

The  predictions  are  made  assuming  that  strain  level  superposition  is 
valid  and  that  each  strain  level  propagates  at  a  constant  speed  as 
found  in  Section  4.4. 

Section  4.10  gives  a  summary  of  the  experimental  results  and  some 
recommendations  for  future  investigations. 

These  various  topics  will  now  be  discussed  in  more  detail. 

4.2  Strain-Time  and  Surface  Rotation-Time  Data 

Presented  in  Appendix  6.1  (Appendix  Tables  6.1  through  6.27)  are 
the  strain-time  and  surface  rotation-time  data  from  27  tests  utilizing 
0.741  inch  diameter  Lexan  rods  subjected  to  longitudinal  impact.  In 
these  tests,  recording  times  are  generally  on  the  order  of  250  usee 
after  impact.  In  one  group  of  tests,  strain-time  and  surface  rotation¬ 
time  histories  are  obtained  at  locations  ranging  from  two  to  four 
diameters  from  the  impact  site;  these  histories  show  the  propagation  of 
elastic  strain  pulses  having  amplitudes  to  8.65  percent  and  strain  rates 
in  excess  of  2200  sec"1,  produced  by  the  impact  of  one  inch  and  four 
inch  Lexan  strikers  at  striker  velocities  of  approximately  540  ft/sec. 

In  another  group  of  tests,  strain-time  and  surface  rotation-time  histories 
are  obtained  at  one-third  diameter  from  the  impact  site,  with  striker 
velocities  ranging  up  to  700  ft/ sec;  strains  to  13.3  percent  and  strain 
rates  to  15,700  sec"1  are  recorded  in  these  tests.  Other  tests  give 
strain-time  and  surface  rotation-time  histories  from  impacted  short 
specimens  which  are  epoxied  to  steel  back-up  bars;  strains  to  20  percent 
are  recorded  in  these  tests.  The  pertinent  experimental  conditions  for 
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these  testa  are  given  in  Appendix  Table  6.28;  the  strain-time  data  for 
the  tests  of  interest  are  plotted  in  Appendix  Figures  6.1  through  6.13. 

The  striker  velocities  reported  in  Appendix  Table  6.28  are  the 
average  velocities  measured  over  the  last  11  inches  of  striker  travel 
before  impact.  In  this  series  of  tests,  the  compressed-gas  accelerator 
which  propels  the  striker  was  not  vented,  so  that  the  striker  had  a 
slight  acceleration  at  impact;  hence  the  striker  velocity  at  impact  was 
slightly  higher  than  the  measured  average.  A  calculation  using  the  air 
gun  characteristics  indicates  that  the  actual  striker  velocity  at  impact 
is  higher  than  the  measured  average  velocity  by  about  1.5  and  1.7  percent 
for  one-inch  and  four-inch  strikers,  respectively. 

4.3  Strain  Wave  Speeds  as  a  Function  of  Strain  Level  and  Distance 
from  the  Impact  Site;  Dllatational  Wave  Speed 

In  this  section,  strain  wave  speeds  along  the  Lexan  rods  are 
determined  as  functions  of  strain  level  and  distance  from  the  impact 
site.  These  wave  speeds  show  the  transformation  of  the  initial 
dllatational  wave  (uniaxial  strain)  into  a  rod  wave  (uniaxial  stress) 
as  the  wave  travels  along  the  rod.  They  give  the  dllatational  wave 
speed  for  small  strain,  and  are  used  in  subsequent  calculations  to 
determine  some  of  the  dynamic  elastic  properties  of  Lexan. 

The  average  strain  wave  speeds  along  the  Lexan  rods  as  a  function 
of  strain  level  and  distance  from  the  impact  site  are  computed  from  the 
strain-time  histories  at  various  locations  along  the  rod.  These  average 
wave  speeds  are  calculated  by  dividing  the  distance  between  adjacent 
grating  locations  by  the  time  required  for  a  given  strain  level  to 
propagate  from  one  grating  location  to  the  other.  Toward  this  end,  15 
tests  are  placed  in  nine  groups  of  one  or  two  tests  each,  with  tests 


grouped  by  similarity  in  grating  location,  striker  length,  and  striker 
velocity.  The  nine  groups  are  made  up  from  the  tests  listed  in  Appendix 
Table  6.28  as  follows:  test  5,  tests  6  and  26,  tests  11  and  12,  tests 
28  and  29,  test  3,  tests  13  and  27,  teats  15  and  16,  tests  17  and  19, 
and  test  18.  The  maximum  variation  in  striker  velocity  between  any  two 
tests  in  the  same  group  is  1.7  percent;  the  maximum  variation  in  grating 
position  for  any  two  tests  in  the  same  group  is  2  percent  for  tests  28 
and  29,  with  less  than  1  percent  variation  for  all  other  groups. 

To  determine  the  time  required  for  various  levels  of  strain  to 
propagate  from  one  grating  location  to  another,  portions  of  the  strain¬ 
time  histories  in  each  of  the  nine  test  groups  are  fitted  with 
least-square  polynomial  equations.  In  the  initial  loading  portions  of 
the  strain-time  histories,  only  data  that  are  free  from  the  effect  of 
unloading  waves  reflected  from  either  the  rear  of  the  striker  or  the 
rear  of  the  specimen  are  used;  in  the  tensile  reloading  portions  of  the 
strain-time  histories  of  the  four  latter  groups,  only  data  that  are  free 
of  the  effect  of  compressive  unloading  waves  reflected  from  the  specimen 
rear  are  used.  (This  necessitated  refitting  of  some  curves  after 
preliminary  wave  speed  values  were  found).  The  order  of  polynomial  to 
be  fitted  is  determined  using  a  single-precision  polynomial  regression 
curve-fitting  program  (IBM  Scientific  Subroutine)  which  terminates  when 
there  is  no  reduction  in  the  residual  sum  of  squares  between  two 
successive  degrees  of  polynomials.  The  polynomial  used  to  determine 
wave  transit  times  is  fitted  using  a  double-precision  polynomial 
regression  curve-fitting  program  (UCLA  Biomedical  Program  BMD05R) .  This 
program  also  provides  a  plot  of  the  experimental  data  and  the  data  as 
computed  from  the  fitted  curve,  thereby  giving  a  visual  check  on  the 
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fitted  curve.  In  all  test  groups,  the  initial  steeply-rising  portions 
of  the  strain-time  histories  are  fitted  by  third-order  polynomials;  the 
slowly-rising  latter  portions  of  the  strain-time  histories  In  the  first 
four  test  groups  are  fitted  by  second-order  polynomials.  The  polynomials 
fitted  to  the  two  regions  of  the  strain-time  histories  overlap  at  the 
knee  of  the  curve  to  provide  a  smooth  transition  between  the  two  fitted 
polynomials.  The  tensile  reloading  portions  of  the  strain-time  histories 
in  the  latter  four  test  groups  are  fitted  with  second-,  third-,  or 
fourth-order  polynomial  equations. 

The  average  wave  speeds  for  various  levels  of  strain  are  calculated 
at  various  average  distances  from  the  impact  site  by  dividing  the  distance 
between  two  different  grating  locations  by  the  wave  transit  time  between 
the  two  locations,  with  the  wave  transit  time  determined  from  the 
polynomials  fitted  to  the  strain-time  histories  at  the  two  locations. 

The  average  distance  from  the  impact  site  for  this  average  wave  speed 
is  taken  as  midway  between  the  two  locations.  The  nine  test  groups 
previously  mentioned  are  paired  by  similarity  in  striker  velocity  in  the 
18  combinations  given  in  Table  4.1  to  compute  the  average  wave  speeds  at 
various  average  locations  along  the  rods.  The  maximum  variation  in 
striker  velocity  between  paired  groups  is  4.7  percent  for  tests  3  and  18, 
and  is  less  than  3  percent  for  all  other  groups.  The  results  of  these 
wave  speed  calculations  are  given  in  Table  4.2,  with  some  representative 
results  plotted  in  Figure  4.1. 
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Table  4.2  Wave  speeds  in  0.741  inch  diameter  Lexan  rods  at  72°F  as 
a  function  of  strain  level  and  distance  from  impact 


3 

Average  wave  speeds  (in/psec  *  10  ) 

Strain  - — — - — - - 

(per-  Average 

cent)  0.888  1.262  1.632  2.266  5.991  6.365  8.004  11.361  of  values 

in  in  in  in  in  In  in  in  to  right 

of  dots 


0.1 
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75.64 

67.84  I 

55.79 

55.68 

56.32 

57.32 

56.36 

0.2 

83.05 

81.11 

72.84 

65.96  : 

55.74 

55.22 

55.89 

56.99 

56.07 

0.3 

79.28 

77.27 

70.40 

64.31  : 

55.52 

54.81 

55.49 

56.65 

55.73 

0.5 

73.17 

71.08 

66.34 

61.55  : 

54.76 

54.15 

54.79 

55.92 

55.01 

0.8 

66.47 

64.40 

61.78 

58.42  I 

53.47 

53.41 

53.91 

54.84 

53.98 

1.0 

63.11 

61.10 

59.45 

56.80  : 

52.80 

53.01 

53.43 

54.21 

53.41 

1.3 

59.19 

57.32 

56.69 

54.87  : 

52.10 

52.45 

52.82 
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52.77 
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55.35 

55.20 
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52.44 
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54.56 
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- 
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- 
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Average  wave  epeods  along  0.741  Inch  diameter  Lexan  rods  at  72*F 
aa  a  function  of  strain  level  and  average  distance  from  Impact 
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The  results  for  locations  from  0.888  inches  to  2.266  Inches  from 
the  impact  site  are  computed  using  transit  times  of  incident  compressive 
waves  between  different  grating  locations;  the  results  for  locations 
from  5.991  inches  to  8.004  inches  are  computed  using  transit  times 
between  Initial  compressive  loading  and  tensile  reloading  at  the  same 
grating;  the  results  at  11.361  inches  are  computed  using  transit  times 
of  reflected  tensile  waves  between  different  grating  locations.  In 
reporting  the  strain  wave  speeds,  no  distinction  is  made  between  tensile 
and  compressive  wave  speeds,  as  there  does  not  seem  to  be  a  significant 
difference  between  the  two  for  a  given  strain  level,  at  least  not  for 
small  strains  (see  Figure  4.1). 

According  to  Rinehart  (57) ,  the  observed  decrease  in  wave  speeds 
with  increasing  distance  from  the  impact  site  for  the  lower  strain 
levels  is  due  to  the  transformation  of  the  initial  dilatational  wave 
(uniaxial  strain),  which  travels  at  a  speed 


2  (1  -  v)  E 

Cd  (1  -  2v)  (1  +  v)  p 


(4.1) 


into  a  rod  wave  (uniaxial  stress) ,  which  travels  at  a  speed 


2  E 
P  * 


(4.2) 


where  E,  v,  and  p  are  Young's  modulus,  Poisson's  ratio,  and  the  material 
density,  respectively.  According  to  Rinehart,  this  transformation  is 
fairly  well  accomplished  in  a  wave  travel  of  two  to  three  diameters  down 
the  rod;  however,  from  Figure  4.1,  it  seems  that  approximately  eight 
diameters  of  wave  travel  are  required  for  this  transformation,  at  least 
for  the  lower  strain  levels*  The  more  or  less  constant  wave  speeds  for 
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the  higher  strain  levels  can  probably  be  accounted  for  by  a  non-zero 
rise  time  for  the  strain  at  the  striker-specimen  interface,  so  that  the 
higher  strain  levels  originate  at  the  impact  face  at  later  times  than 
the  lower  strain  levels,  and  hence  propagate  through  material  which  is 
approaching  an  approximate  state  of  uniaxial  stress.  Support  for  this 
conjecture  is  provided  by  a  plot  of  the  times  after  impact  -  as  a 
function  of  striker  velocity  -  at  which  various  strain  levels  reach  a 
grating  location  at  one-third  diameter  from  the  impact  site.  This  plot  - 
made  for  tests  3,  36,  30,  and  31  but  not  included  here  -  shows  that 
these  times  decrease  markedly  with  increasing  striker  velocity. 

The  highest  average  wave  speed,  87.5  in/millisec,  occurs  between 
one-third  and  two  diameters  from  the  impact  site  for  0.1  percent  strain, 
the  smallest  strain  level  considered.  This  value  differs  by  0.3  percent 
from  the  value  of  87.8  in/millisec  for  the  dilatational  wave  speed  in 
Lexan  at  72*F  as  given  by  Asay  and  Guenther  (2) . 

Further  use  is  made  of  these  wave  speed  data  in  subsequent 
sections. 

4.4  Strain  Wave  Speeds  for  Approximate  One-Dimensional  Stress 
Conditions;  Young* s  Modulus  and  Poissons  Ratio 

In  this  section,  the  strain  wave  speeds  under  approximate  uniaxial  || 

stress  conditions  are  found,  and  are  used  along  with  previous  results 
and  the  equations  of  linear  elasticity  to  compute  Young's  modulus, 

Poisson's  ratio,  and  the  shearing  modulus  for  Lexan  under  dynamic 
conditions.  These  values  are  then  compared  to  published  quasi-static 
and  dynamic  values. 

The  wave  speeds  in  Lexan  at  72*F  tinder  approximate  one-dimensional 
stress  conditions  are  given  in  the  last  column  of  Table  4.2,  and  are 
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plotted  In  Figure  4.2.  These  values  are  obtained  by  averaging  the  wave 
speed  values  to  the  right  of  the  dotted  line  In  Table  4.2.  The  wave 
speeds  are  found  to  be  essentially  constant  for  a  given  strain  level  in 
a  range  of  strain  rates  of  approximately  300  sec  ^  to  2000  sec 
A  fourth-order  least-square  polynomial  fitted  to  this  data  gives  an 
equation  for  wave  speeds  c  as  a  function  of  strain  e^  in  Lexan  for 
approximate  one-dimensional  stress  conditions  at  72®F,  which  is 

c  -  56.66508  -  3.54930eL  +  0.78076e*  -  0.26414ejJ  +  0.01724e£  ,  (4.3) 

where 

c  ■  wave  speed  at  72#F  (in/millisec) ,  and 

*■  absolute  value  of  Lagrangian  strain  (percent) . 

This  equation  is  shown  as  a  solid  line  in  Figure  4.2. 

From  Equation  (4.3),  the  approximate  one-dimensional  stress  wave 
speed  in  Lexan  at  72°F  is  56.7  in/millisec  for  very  small  strain;  the 
dilatational  wave  speed  for  small  strain  from  Table  4.2  is  87.5 
in/millisec.  By  use  of  Equations  (4.1)  and  (4.2),  with  the  density  p 
of  Lexan  taken  as  the  manufacturer’s  published  value  of  1.20  grams/cm^, 
values  for  Young’s  modulus  E,  Poisson's  ratio  v,  and  the  shearing 
modulus  G  for  small  strain  in  Lexan  under  dynamic  conditions  at  72*F 
are  found  to  be 

E  -  3.61  x  105  psi  , 
v  -  0.41  , 

anH 

G  -  1.28  x  io5  psi  . 
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The  value  of  G  is  computed  from  E  and  v  using  the  relation 


G 


E 

2(1  +  v) 


(4.4) 


Quasi-static  values  of  these  elastic  constants  as  reported  by  other 
investigators  are  discussed  in  the  following  paragraphs. 

Approximate  values  found  here  in  quasi-static  tensile  tests  on 

round  Lexan  specimens  machined  from  the  rod  used  in  these  tests,  at 
-4  -3  -1 

strain  rates  from  10  to  10  sec  and  room  temperature,  are 


and 


which  give 


E  -  3.30  x  105  psi 
v  -  0.37  , 

G  -  1.20  x  lo5  psi  . 


Gurtman  et  at.  (30)  performed  tensile  tests  on  Lexan  flat  sheet 
at  74*  ±  3*F,  with  maximum  strain  rates  of  0.2  min  *.  They  obtained 
the  values 


and 


which  give 


E  -  3.1  x  105  psi 


v  -  0.38  # 


G  -  1.12  x  105  psi  . 


Whitfield  and  Smith  (68),  repeating  some  of  the  tests  described  by 
Gurtman,  obtained  for  Young's  modulus  the  value 
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E  -  3.45  x  io5  psi  . 

They  attributed  the  difference  to  the  fact  that  Gurtman  apparently  did 
not  account  for  strain  outside  the  gage  length  when  deducing  strain  from 
the  head  motion  of  the  testing  machine. 

Data  from  the  General  Electric  Company,  obtained  from  standard 
ASTM  tests  at  room  temperature,  give  Young’s  modulus  in  both  tension  and 
compression  as 

E  -  3.45  x  io5  psi  . 


(The  General  Electric  Company  provides  a  vide  range  of  electrical, 

thermal,  chemical,  and  elastic  properties  of  Lexan). 

Brill  (16)  performed  tensile  tests  on  flat  specimens  at  strain 
-4  -1 

rates  on  the  order  of  10  sec  ,  with  the  strains  computed  by  using 
a  grid  placed  on  the  specimens.  He  obtained  the  values 


and 


which  give 


E  -  3.3  x  105  psi 

v  -  0.32 

G  -  1.25  x  105  psi  . 


Stormont  et  al.  (62)  have  found  that  the  cold  rolling  of  Lexan 
sheet  to  a  50  percent  reduction  in  thickness  leads  to  ortho tropic 
behavior  of  the  sheet,  with  large  variations  in  elastic  properties  as 
measured  in  different  directions.  They  report  variations  in  Young's 
modulus  from  3.96  x  105  psi  to  2.44  x  10**  psi  and  variations  in  Poisson's 
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ratio  from  0.43  to  0.26,  using  tensile  specimens  cut  parallel  to  or 
perpendicular  to  the  rolling  direction,  respectively. 

Some  published  dynamic  values  of  the  elastic  constants  are 
discussed  in  the  following  paragraph. 

Asay  and  Guenther  (2)  measured  the  longitudinal  (dilatational)  and 
shear  wave  speeds  through  1-10  mm  thick  large  Lexan  sheets  as  a  function 
of  temperature,  and  computed  the  elastic  constants  "by  use  of  the 
appropriate  equations  of  elasticity."  (The  dilatational  wave  speed  is 
given  in  terms  of  the  Lamd  constants  X  and  G  and  the  material  density  p 
by  the  equation 


2  X  +  2G 


the  shear  wave  speed  is  given  by 


(4.5) 


(4.6) 


an A  Young  *  s  modulus  E  is  related  to  the  Lam£  constants  by 


E  -  \  f  ).  C*.7> 

The  values  reported  by  Asay  for  the  elastic  constants  at  77*F  are 

E  -  3.73  x  105  psi 


and 


which  give 


G  -  1.45  x 


105  psi 


v  ■  0.286 
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However,  Asay's  reported  values  for  the  shear  and  dilatational  wave 
speeds  at  77®F,  0.908  mm/ysec  and  2.22  mm/ysec,  respectively,  when  U9ed 

In  Equations  (4.5)  and  (4.6)  with  the  density  of  Lexan  taken  as  1.20 
3 

grams/cm  ,  give  the  values 


and 


which  give 


E  -  4.02  x  io5  psi 

G  •  1.44  x  105  psi  , 
v  *  0.40  . 


These  values  differ  quite  a  bit  from  the  previous  set  of  values, 
perhaps  indicating  some  error  in  Asay's  computation  or  a  typographical 
error  in  the  publication  of  (2) .  From  polynomials  fitted  by  Asay  to  his 
wave  speed  data  (down  to  77#F),  an  extrapolation  to  72*F  gives  the  shear 
and  dilatational  wave  speeds  as  0.0359  in/ysec  and  0.0878  ln/ysec, 
respectively.  Use  of  these  in  Equations  (4.5)  and  (4.6),  with  the 
density  of  Lexan  taken  as  1.20  grams/cm^,  gives  the  values 


and 


which  give 


E  -  4.06  x  105  psi 

G  -  1.45  x  105  psi  , 

v  -  0.40  . 


The  values  of  E,  G,  and  v  computed  from  the  experimental  wave  speed  data 
presented  in  this  thesis  differ  from  these  last  values  by  11.1,  11.7, 
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and  2.5  percent,  respectively.  However,  a  comparison  here  is  difficult, 
as  there  does  seem  to  be  some  inconsistency  in  (2). 

4.5  A  Dynamic  Stress-Strain  Relation  for  Lexan 

In  this  section,  a  dynamic  stress-strain  relation  for  Lexan  is 
developed  using  some  of  the  results  of  the  von  Rarman  rate-independent 
theory  of  one-dimensional  longitudinal  stress  wave  propagation  in  rods 
(42,  65)  and  the  strain  wave  speeds  found  in  Section  4.4  for  approximate 
one-dimensional  stress  conditions. 

Von  Rarman’ s  theory  is  based  on  the  assumptions  that: 

1.  Plane  cross  sections  of  the  rod  remain  plane,  with  stress  uniform 
across  the  cross  section. 

2.  The  lateral  inertia  effects  are  negligible. 

3.  The  stress-strain  relation  during  loading  of  the  material  is 
single-valued,  concave  toward  the  strain  axis,  and  rate-independent, 
with  the  form  a  -  a(e),  where  a  and  e  are  the  "engineering"  stress 
and  strain,  respectively. 

Under  these  assumptions,  one  of  the  results  of  the  theory  is  that 
every  strain  increase  from  e  to  e  +  de  (or  every  strain  level  e)  travels 
at  a  constant  speed  c  given  by  the  equation 


2  1  da 

C  “P0de  * 


(4.8) 


where  pQ  is  the  Initial  material  density  and  da/de  is  evaluated  at 
strain  e. 

If  It  is  assumed  that  the  strain  levels  which  exhibit  the  constant 
wave  speeds  given  in  Table  4.2  are  propagating  under  conditions  which 
satisfy  the  first  two  assumptions  above  to  an  acceptable  degree  of 
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approximation,  then  Equation  (4.8)  can  be  used  to  develop  a  dynamic 
•tress-strain  relation  for  Lexan,  i.e.t  from  Equation  (4.8),  we  have 

o  -  p  /  c2  de  .  (4.9) 

0  o 

Equation  (4.3)  for  the  strain  wave  speeds  as  a  function  of  strain  could 
be  used  in  Equation  (4.9)  to  give  a  dynamic  stress-strain  relation,  but 
this  would  produce  a  rather  unwieldly  expression.  Rather  than  do  this, 
stress-strain  data  are  calculated  using  the  wave  speeds  as  given  by 
Equation  (4.3)  and  an  incremental  relation  developed  from  Equation 
(4.8),  which  is 

o(e  +  Ae)  -  o(e)  +  P<>  p)  +  c(e  +  ^  4e  .  (4.10) 

The  density  pQ  is  taken  as  the  manufacturer's  published  value  of  1.20 
gram/cm3  and  Ae  is  taken  as  0.001.  The  resulting  dynamic  stress-strain 
data  for  Lexan  are  plotted  in  Figure  4.3.  A  third-order  least-squares 
polynomial  fitted  to  this  computed  stress-strain  data  gives  the  equation 

a  -  3560.64375e  -  138.55185e2  -  8.93634e3  ,  (4.11) 

where 

a  -  absolute  value  of  engineering  stress  (psi),  and 
e  -  absolute  value  of  engineering  strain  (percent) . 

Equation  (4.11)  is  shown  plotted  through  the  computed  data  in  Figure 
4.3,  along  with  a  quasi-static  stress-strain  curve  for  Lexan  obtained 
from  tensile  tests  made  at  a  strain  rate  of  0.2  min 
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This  curve  is  one  of  a  family  of  stress-strain  curves  obtained  by 
Gurtman  et  at.  (30)  in  tensile  tests  run  at  strain  rates  ranging  up  to 
0.2  min”1,  which  show  higher  stresses  at  given  strains  on  curves  run  at 
higher  strain  rates.  They  found  that  the  difference  in  stress  between 
a  "static"  curve  and  a  finite  strain  rate  curve  is  closely  proportional 
to  e2,6ln(107e)  for  the  strain  rates  used  in  the  tests.  Thus,  it  seems 
that  the  stress-strain  curve  found  here  may  be  a  not  inconsistent 
consequence  of  strain  rates  approximately  106  times  higher  than  those 
considered  by  Gurtman. 

4.6  Poisson’s  Ratio  as  a  Function  of  Strain  Under  Dynamic  Conditions 
In  this  section,  the  variation  of  Poisson’s  ratio  with  strain  in 
Lexan  under  dynamic  conditions  is  investigated  using  the  strain-time 
history,  the  surface  rotation-time  history,  and  the  strain  wave  speeds 
at  a  position  along  a  rod.  The  procedure  used  is  one  employed  by  Bell 
(5,  6)  to  investigate  the  variation  of  Poisson’s  ratio  with  strain  in 
fully-annealed  HOOP  aluminum  under  dynamic  conditions.  The  necessary 
relationships  are  developed  in  the  following  paragraph. 

If  it  is  assumed  that  the  rod  under  consideration  is  in  a  state  of 
stress  which  is  uniform  over  the  cross  section  of  the  rod,  then 
the  strains  in  the  plane  of  the  cross  section  are  equal  In  all  directions 
and  uniform  over  the  cross  section;  consequently,  the  radial  displacement 
ur  of  the  outer  surface  of  the  rod  can  be  expressed  as 

ur-Rve  ,  (4.12) 

where  axial  compressive  strain  e  is  taken  positive  and  R  is  the  initial 
radius  of  the  rod.  With  the  coordinate  x  measured  along  the  rod  in  the 
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direction  of  wave  propagation,  the  surface  rotation  u  is  given  by 


(4.13) 


where  Equation  (4.13)  has  the  proper  sign  for  u  corresponding  to  the 
surface  rotation-time  data  in  Appendix  6.1.  From  Equations  (4.12)  and 
(4.13),  with  v  -  v(e)  and  e  *  e(x,t). 

To  express  Equation  (4.14)  in  a  more  useful  form,  a  substitution  is  made 
for  the  term  3e/3x.  Consider  the  propagation  of  a  given  strain  level 

e(x,t)  •  constant 

along  the  rod.  The  total  derivative  gives 


de--5dx  +  ftdt_°  • 


from  which  the  wave  speed  of  that  constant  strain  level  is 


dx  3e/3t 
C  “  dt  "  ”  3e/3x  * 


(4.15) 


giving 


(4.16) 


Thus,  the  term  3e/3x  can  be  expressed  by  Equation  (4.16),  which  involves 
quantities  readily  determined  from  the  strain  wave  speed  data  and  the 
axial  strain-time  histories.  Substitute  Equation  (4.16)  into  Equation 
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(4.14)  and  rearrange  to  obtain  a  first-order,  linear,  ordinary 
differential  equation  for  v  as  a  function  of  e,  which  is 


dv  .  1  03C  _  ,  » 

de  +  e  V  “  "  R(3e/3t)  g(e)  * 


where  the  function 

/  \  (UC 

g(e)  *  "  R(3e/3t) 


(4.17) 


(4.18) 


must  be  determined  from  the  experimental  data.  Solution  of  Equation 
(4.17)  by  standard  methods  gives 


v(e) 


7  [/g(e)de  +  Cl] 


(4.19) 


where  is  a  constant  of  integration  to  be  determined. 

The  variation  of  Poisson's  ratio  with  strain  is  investigated  by 
developing  a  v(e)  relationship  from  each  of  two  sets  of  tests.  Test  sets 
LS2-17,  19  and  LS2-28,  29  are  selected  because  of  the  reproducibility  of 
their  strain-time  and  surface  rotation-time  data,  and  because  their 
grating  locations  are  furthest  of  all  tests  from  the  impact  face,  so 
that  stress  conditions  there  are  most  nearly  one-dimensional. 

The  functions  g(e)  for  the  two  sets  of  tests  are  determined  as 
follows.  Fifth-order  least-squares  polynomials  are  fitted  to  the  initial 
sharply-rising  portions  of  the  strain- time  data,  with  a  second-order 
polynomial  fitted  to  the  slowly-rising  latter  portion  of  the  e-t  data 
in  tests  LS2-28,  29.  Data  points  affected  by  unloading  waves  are  not 
included.  The  polynomials  fitted  to  the  e-t  data  have  the  functional 
form  t  -  t(e);  at  the  particular  grating  location,  these  polynomials 


67 


determine  the  arrival  time  t  of  a  given  strain  level  e,  and  the  slope 
3e/3t  of  the  e-t  curve  at  that  strain  level.  The  surface  rotation-time 
data  for  tests  LS2-17,  19  are  fitted  by  a  fifth-order  polynomial;  data 
and  polynomial  are  shown  in  Figure  4.41  The  w-t  data  for  tests  LS2-28, 

29  are  fitted  by  a  third-order  polynomial  to  t  -  55  usee,  and  by  a  fifth- 
order  polynomial  from  t  »  52  ysec  to  152  usee;  data  and  polynomials  are 
shown  in  Figure  4.5.  The  polynomials  fitted  to  the  w-t  data  have  the 
functional  form  «  ■  <o(t).  The  wave  speeds  c(e)  at  the  grating  location 
are  determined  from  Figure  4.1  and/or  the  data  in  Table  4.2.  These 
polynomials  and  wave  speed  data  are  combined  in  a  computer  program  using 
Equation  (4.18)  to  calculate  the  functions  g(e)  for  tests  LS2-17,  19  and 
tests  LS2-28,  29.  The  results  of  these  calculations  are  shown  in  Figures 
4.6  and  4.7. 

To  evaluate  v(e),  the  g(e)  data  for  tests  LS2-17,  19  and  tests 
LS2-28,  29  are  fitted  with  sixth-  and  seventh-order  polynomials, 
respectively  -  shown  in  Figures  4.6  and  4.7  -  which  are  then  used  in 
Equation  (4.19).  The  constant  c^  in  Equation  (4.19)  is  evaluated  by 
setting  v  -  0.41  at  e  -  1.5  percent  strain;  it  is  necessary  to  use 
e  *  1.5  percent  since  the  nature  of  Equation  (4.19),  the  difficulty  of 
obtaining  3e/3t  at  low  strains,  and  the  high  order  of  polynomials  used 
to  fit  the  experimental  data  cause  the  v(e)  data  to  be  erratic  for  low 
strains.  The  results  of  these  calculations  are  shown  in  Figure  4.8, 
which  Indicates  that  Poisson's  ratio  remains  between  approximately  0.41 
*nd  0.43  up  to  a  strain  of  approximately  4  percent,  where  it  begins  to 
increase  in  an  almost  linear  fashion  until  it  reaches  0.5  at  7  percent 
strain,  the  largest  strain  considered  in  this  calculation. 


RUCTION  «(•) 


FUNCTION  «(•) 


WSWNGIAN  CCfffESSlVE  STRAIN  <*> 

Figure  4.7  Function  g(e)  for  tests  LS2-28  and  LS2-29 
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The  discrepancy  between  the  two  seta  of  v(e)  data  probably  is  due 
to  scatter  in  the  w-t  data  in  tests .LS2-17,  19;  from  Figure  4.4  and 
Appendix  Figure  6.8,  this  scatter  is  seen  to  persist  to  t  -  65  ysec, 
corresponding  to  e  -  3  percent,  at  which  time  the  two  sets  of  v(e)  data 
in  Figure  4.8  converge. 

Several  investigators  report  variations  in  Poisson’s  ratio  with 
strain  as  found  from  quasi-static  tensile  tests.  Gurtman  et  aX .  (30) 
report  that  Poisson's  ratio  is  0.38  up  to  a  strain  of  approximately 
1  percent,  where  it  begins  to  increase  until  it  reaches  a  limiting 
value  of  0.5  at  approximately  3.3  percent  longitudinal  strain.  Brill 
(16)  reports  that  Poisson's  ratio  increases  gradually  from  0.32  to 
approximately  0.42  at  8  percent  longitudinal  strain.  Thus,  there  seems 
to  be  little  agreement  on  this  point,  as  seen  from  Figure  4.8. 

4.7  Yield  Point  Strain  in  Lexan  Pnder  Compressive  Pulse-Type  Loading 

In  this  section,  the  yield  point  strain  in  Lexan  rods  subjected  to 
Compressive  short-duration  (approximately  120  usee)  loading-unloading 
pulses  is  investigated  by  recording  the  strain-time  histories  at  selected 
grating  sites  on  impacted  rods,  then  making  post-test  measurements  of 
the  grating  groove  spacing  to  determine  the  amount  (if  any)  of  permanent 
plastic  deformation. 

The  yield  point  strain  in  Lexan  for  pulse- type  loadings  is 
investigated  using  tests  LS2-3,  30,  31,  and  36.  In  these  tests,  strain¬ 
time  histories  are  recorded  at  locations  approximately  1/4  inch  from  the 
impact  site,  using  one- inch  strikers  traveling  at  velocities  up  to 
700  ft/sec.  The  strain-time  data  for  these  tests  are  shown  in  Appendix 
Figures  6.10  and  6.11;  these  e-t  histories,  along  with  post-test 
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measurements  of  the  grating  groove  spacing  made  approximately  5  minutes 
after  impact,  show  that  the  yield  point  strain  for  this  type  of  loading 
is  approximately  11.5  percent.  The  11.5  percent  yield  point  strain  in 
compression  for  this  type  of  loading  is  almost  double  the  approximately 
6  percent  at  which  tensile  specimens  in  quasi-static  tests  exhibit 
large-scale  yielding  (16,  30).  The  e-t  histories  in  these  tests  also 
show  a  marked  change  in  the  character  of  the  unloading  as  the  yield 
point  strain  is  exceeded  (compare  tests  LS2-3  and  LS2-36  with  tests 
LS2-30  and  LS2-31). 


4.8  Effect  of  a  Previous  Impact  on  the  Strain-Time  History 
During  a  Second  Impact 

In  this  section,  the  effect  of  a  previous  elastic  impact  on  the 
strain-time  history  obtained  during  a  subsequent  impact  is  investigated 
by  subjecting  Lexan  specimens  to  two  separate  impacts  under  essentially 
identical  conditions . 

To  study  the  effect  of  a  previous  elastic  impact  on  a  subsequent 
strain-time  history,  two  specimens  which  had  previously  been  impacted 
(tests  LS2-5  and  LS2-8)  were  impacted  a  second  time  under  the  same 
conditions  (tests  LS2-25  and  LS2-24) ;  the  previous  and  subsequent  strain- 
time  histories  for  the  specimens  are  compared  in  Figure  4.9.  Test  LS2-B 
has  not  been  Included  in  Figure  4.9  since  its  surface  rotation  behavior 
was  aberrant,  indicating  that  the  impact  in  test  LS2-8  was  somewhat 
non-axlal.  Figure  4.9  indicates  that  a  previous  impact  which  produces 
an  elastic  strain-time  history  has  no  significant  effect  on  the  strain¬ 
time  history  produced  by  a  second  impact. 
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4.9  Prediction  of  Strain-Time  Histories 

In  this  section,  predictions  are  made  of  some  of  the  experimentally 
observed  strain-time  histories  in  impacted  Lexan  rods.  These  predictions 
•re  undertaken  as  a  check  on  the  accuracy  of  the  experimentally-determined 
constant  strain  wave  speeds  under  approximate  one-dimensional  stress 
conditions  and  to  test  the  feasibility  of  predicting  -  in  a  simple 
fashion  -  the  strain-time  history  at  a  point  along  a  Lexan  rod  given 
the  strain-time  history  at  some  other  point.  The  predictions  are  made 
assuming  that  strain  level  superposition  is  valid,  and  that  each  strain 
level  propagates  at  a  constant  speed  as  found  in  Section  4.4  and  given 
in  Table  4.2  and  Figure  4.1. 

Predictions  are  first  made  for  the  tensile  reloading  portions  of 
the  strain-time  histories  of  tests  13  and  27,  tests  15  and  16,  and  tests 
17  and  19.  The  strain-time  histories  for  these  teats  are  shown  in 
Appendix  Figures  6.6,  6.7,  and  6.8,  respectively,  and  represent  wave 
travel  between  approximately  three  and  14  diameters  from  the  impact  site. 
Thus ,  since  the  waves  are  propagating  under  conditions  which  should 
approximate  one— dimensional  stress,  the  results  of  the  predictions 
should  afford  some  check  on  the  accuracy  of  the  experimentally-determined 
strain  wave  speeds,  as  well  as  give  some  indication  of  the  utility  of 
the  prediction  procedure.  The  predictions  are  made  according  to  the 
following  procedure,  which  disregards  the  presence  of  the  Lexan  guide 
rings  on  the  specimen.  The  Initial  compressive  loading-unloading 
portions  of  the  e-t  histories  are  assumed  to  be  the  result  of  the 
superposition  of  two  different  effects:  a  compressive  strain  wave  which 
rises  to  the  mar-iminn  compressive  strain,  -e^,  and  thereafter  remains 
constant,  and  a  following  tensile  strain  wave  which  rises  to  a  tensile 
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strain,  e  ,  and  thereafter  remains  constant.  These  two  waves  are 

IQ 

assumed  to  propagate  along  the  rod  uninfluenced  by  each  other,  with  each 
strain  level  propagating  at  Its  constant  wave  speed  as  given  by  Equation 
4.3.  The  striker  and  specimen  are  assumed  to  separate  when  the  first 
tensile  strain  wave  -  from  the  initial  compressive  strain  wave  which 
reflects  from  the  free  rear  of  the  specimen  as  a  tensile  strain  wave  - 
reaches  the  already-unloaded  striker-specimen  interface.  Thus,  both 
ends  of  the  specimen  are  treated  as  free  as  regards  wave  reflection  at 
these  boundaries.  Then,  at  a  given  time,  the  strain  at  a  given  position 
Is  predicted  by  superposing  the  various  tensile  and  compressive  strain 
levels  in  the  various  direct  and  reflected  strain  waves  which  have 
reached  that  position  by  that  time,  using  0.1  percent  strain  increments. 
The  results  of  this  procedure  are  shown  in  Figures  4.10,  4.11,  and  4.12. 

Examination  of  the  experimental  and  predicted  strain-time  histories 
In  Figures  4.10,  4.11,  and  4.12  shows  that: 

1.  The  tensile  loading  portions  of  the  strain-time  histories  are 
predicted  fairly  well,  indicating  that  the  experimentally 
determined  strain  wave  speeds  are  fairly  accurate  and  that  the 
prediction  procedure  is  of  some  utility.  The  recorded  parts  of 
t-Vip  unloading  portions  of  the  tensile  e-t  histories  of  tests  13, 

27  and  tests  15,  16  are  not  predicted  as  well,  although  this  may 
he  due  in  part  to  the  scatter  which  has  started  to  occur  in  the 
experimental  data;  unfortunately,  the  250  ysec  recording  time  was 
not  long  enough  to  allow  the  entire  tensile  unloading  process  to 
be  observed,  so  that  the  ultimate  success  or  failure  of  the 
prediction  in  this  region  remains  somewhat  in  doubt. 


O  LS2-17 
□  LS2-1* 
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2.  The  Lexan  guide  rings  fitted  to  the  specimens  do  not  affect 
significantly  the  strain  wave  propagation  in  the  rod:  the 
experimental  strain-time  histories  follow  closely  the  predicted 
strain-time  histories  which  neglect  the  presence  of  the  guide 
rings,  indicating  that  there  is  no  appreciable  wave  reflection 
from  the  guide  rings. 

As  a  more  rigor^-s  test  of  the  prediction  procedure,  a  prediction 
is  made  -  using  basically  the  same  procedure  as  just  described  -  of  the 
entire  strain-time  history  of  test  LS2-22.  Test  LS2-22  involves  the 
impact  of  a  0.996  inch  long  striker  on  a  2.898  inch  long  Lexan  specimen 
which  is  epoxied  to  a  15  inch  long  mild  steel  back-up  bar,  with  the 
grating  location  2.135  inches  from  the  impact  site  (0.763  inch  from  the 
Lexan-steel  interface) .  The  input  data  are  taken  from  the  initial 
compressive  loading-unloading  e-t  history  of  tests  LS2-13,  27  -  which  is 
taken  at  1.517  inches  from  the  impact  face  -  and  is  treated  as  the  sum 
of  a  compressive  strain  wave  and  a  tensile  strain  wave  as  described 
previously.  The  prediction  of  the  strain-time  history  for  test  LS2-22 
involves  a  much  more  complicated  situation  than  before,  so  some  additional 
assumptions  and  preliminary  predictions  are  necessary  before  the  e-t 
history  for  LS2-22  can  be  predicted: 

1.  The  presence  of  the  foil  switch  on  the  noses  of  striker  and 
specimen  is  disregarded  in  considering  wave  propagation  across 
the  striker-specimen  interface. 

2.  The  contact  or  separation  of  the  striker-specimen  interface  and 
the  Lexan-steel  interface  will  greatly  influence  the  e-t  history, 
so  separate  predictions  are  made  of  the  e-t  histories  at  these 
two  interfaces.  At  the  Lexan-steel  interface,  a  compressive 
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strain  pulse  lasting  from  40  'ysec  to  157  ysec  after  Impact  Is 
predicted,  with  a  maximum  strain  of  10.3  percent  at  90  ysec  after 
impact;  a  tensile  strain  pulse  is  predicted  to  begin  at  the  interface 
at  178  yBec  after  impact.  Since  the  epoxy  bond  at  the  interface  is 
most  likely  broken  by  the  initial  compressive  strain  pulse,  separation 
of  the  Lexan-steel  interface  is  assumed  to  occur  at  t  ■  178  ysec, 
after  which  the  specimen  rear  is  treated  as  a  free  end  as  regards 
wave  reflection.  Until  t  ■  178  ysec,  the  Lexan  interface  is  assumed 
completely  fixed,  i.e.,  total  wave  reflection  at  the  interface  is 
assumed.  At  the  striker-specimen  interface,  the  initial  three- 
dimensional  strain  effects  render  an  e-t  prediction  of  the  nature 
attempted  here  a  bit  dubious;  nevertheless,  striker-specimen 
separation  is  assumed  to  occur  with  the  first  predicted  tensile 
strain  at  the  interface  -  which  occurs  at  168  ysec  after  impact  - 
after  which  the  specimen  nose  is  assumed  to  be  free.  However,  the 
oscilloscope  record  which  monitors  the  contact  switch  on  the  nose  of 
the  specimen  and  striker  during  the  test  indicates  continuous  contact 
from  t  ■  0  to  t  ■  70  ysec,  rapid  making  and  breaking  of  contact  - 
with  predominately  contact  -  from  t  ■  70  ysec  to  150  ysec,  then 
breakage  of  contact  except  for  one  brief  contact  at  approximately 
167  ysec.  On  this  basis,  a  prediction  of  the  e-t  history  for  LS2-22 
is  also  made  assuming  striker-specimen  separation  at  t  ■  150  ysec. 

As  will  be  seen  from  the  predicted  e-t  curves,  the  condition  of  the 
striker-specimen  interface  considerably  influences  the  e-t  prediction. 
At  the  time  that  striker-specimen  separation  is  assumed  to  occur, 
various  levels  of  direct  and  reflected  tensile  and  compressive 
strain  waves  are  present  at  the  interface,  some  about  to  cross 
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the  interface  from  specimen  to  striker,  and  others  just  entering 
the  specimen  from  the  striker.  Separation  of  the  striker  and 
specimen  introduces  discontinuities  in  these  various  waves,  since 
portions  of  the  waves  are  captured  in  the  separated  striker.  These 
discontinuities  are  assumed  to  disperse  in  the  specimen  in  accordance 
with  the  constant  wave  speeds  used  in  this  analysis;  strain  levels 
reaching  the  interface  after  separation  are  treated  by  simple 
reflection  from  the  free  end.  (This  discontinuity  condition  does 
not  arise  at  the  Lexan-steel  interface,  which  is  unloaded  for  a 
time  before  separation) . 

With  these  additional  assumptions  and  supplementary  predictions,  the 
strain-time  history  for  test  LS2-22  can  be  predicted;  the  results  of 
this  prediction  are  shown  in  Figure  4.13. 

Examination  of  the  experimental  and  predicted  strain-time  histories 
in  Figure  4.13  shows  that: 

1.  The  compressive  loading  portion  of  the  experimental  strain-time 
history  -  which  exhibits  the  effects  of  strain  intensification  due 
to  strain  wave  reflection  from  the  steel  interface  -  is  predicted 
remarkably  well  except  for  its  maximum  amplitude. 

2.  The  shape  of  the  compressive  unloading  portion  of  the  strain-time 
history  is  predicted  very  well,  with  an  approximately  uniform 
difference  in  amplitude  between  experimental  and  predicted 
histories. 

3.  The  latter  portion  of  the  predicted  strain-time  history  is  markedly 
affected  by  the  assumed  time  of  separation  of  striker  and  specimen; 
the  approximate  time  of  separation  as  determined  from  the 
experimental  record  provides  the  best  prediction. 
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Over-all,  the  predicted  strain-time  history  agrees  fairly  well  with 
the  experimental  history  -  this  in  spite  of  the  elementary  procedure 
used  to  make  the  prediction,  and  the  fact  that  the  test  conditions 
hardly  approximate  one-dimensional  stress. 

The  results  of  this  section  indicate  that  the  experimentally- 
determined  strain  wave  speeds  under  approximate  one-dimensional  stress 
conditions  are  fairly  accurate,  and  that  the  approximate  procedure 
presented  for  determining  strain-time  histories  is  of  some  utility. 

4.10  Summary  of  Experimental  Results  and  Recommendations 
for  Future  Investigations 

The  experimental  system  described  in  this  thesis  has  been  applied 
with  some  success  to  the  investigation  of  the  propagation  of  large- 
amplitude  strain  waves  in  Lexan  rods  subjected  to  high-speed  axial 
impact.  The  quality  of  the  surface  strain-time  and  surface  rotation¬ 
time  data  indicates  that  the  experimental  system  is  an  excellent  one  for 
studies  of  this  type  of  phenomenon,  at  least  in  certain  materials. 

Strains  to  20  percent  and  strain  rates  to  15,700  sec”*  -  which  do  not 
represent  the  upper  limits  of  the  system's  capability  -  are  recorded  in 
the  investigation.  The  strain-time  data  are  estimated  to  be  accurate 
vlthin  approximately  0.002  in/in  and  0.1  usee  for  strain  and  time, 
respectively. 

Analysis  of  the  experimental  data  leads  to  the  following  observations 
end  conclusions.  The  results  of  major  importance  are: 

1.  A  dynamic  stress-strain  relation  for  Lexan  at  72*F  at  strain  rates 
of  approximately  300  sec”1  to  2000  sec”1  is  described  by  a  third- 
order  least-squares  polynomial  fitted  to  computed  stress-strain 


data: 
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a  -  3560.64375e  -  138.55185e2  -  8.93634e3  , 

where 

a  m  absolute  value  of  engineering  stress  (psl) ,  and 
e  -  absolute  value  of  engineering  strain  (percent). 

The  stress-strain  data  are  computed  from  the  strain  wave  speed  data 
for  approximate  one-dimensional  stress  conditions  using  von  Kansan's 
rate- independent  theory  of  one-dimensional  longitudinal  stress  wave 
propagation  in  rods.  This  dynamic  stress-strain  curve  is  not 
inconsistent  with  the  published  results  of  quasi-static  tests  on 
Lexan  at  strain  rates  up  to  0.2  min”3',  which  show  higher  stresses 
at  given  strains  on  curves  run  at  higher  strain  rates  (30) . 

2.  Reasonably  successful  predictions  of  the  strain-time  histories 

at  points  along  an  impacted  Lexan  rod  can  be  made  using  the  strain¬ 
time  history  at  some  other  point  along  the  rod  and  an  approximate 
procedure  which  assumes  strain  level  superposition  and  constant 
strain  wave  speeds. 

3.  At  72*F  and  strain  rates  of  approximately  300  sec”1  to  2000  sec"1, 
Poisson's  ratio  is  found  to  remain  between  approximately  0.41  and 
0.43  up  to  about  4  percent  strain,  where  it  begins  to  increase  in 
an  almost  linear  fashion  to  0.5  at  7  percent  strain.  This  behavior 
differs  markedly  from  two  sets  of  reported  quasi-static  data  (16, 
30),  which  differ  even  more  markedly  from  each  other;  thus  there 
seems  to  be  little  agreement  on  this  point.  Poisson's  ratio  as  a 
function  of  strain  is  determined  here  using  a  procedure  employed 

by  Bell  (5,6)  which  utilizes  the  strain-time  history,  the  surface 
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rotation-time  history,  and  the  strain  wave  speeds  at  a  point  along 
a  rod . 

The  results  of  lesser  importance  are: 

4.  The  dilatational  wave  speed  and  the  rod  wave  speed  are  found  to  be 

c.  -  87.5  in/millisec  and  c  -  56.7  in/millisec,  respectively,  for 
d  r 

a  strain  level  of  approximately  0.1  percent.  This  value  of  the 
dilatational  wave  speed  differs  by  0.3  percent  from  a  published 
value  (2) . 

5.  Dynamic  values  for  Young's  modulus,  Poisson’s  ratio,  and  the 
shearing  modulus  are  found  to  be  E  ■  3.61  *  10  psi,  v  ■  0.41, 
and  G  -  1.28  x  105  psi.  These  values  are  calculated  using  the 
dilatational  and  rod  wave  speeds  for  approximately  0.1  percent 
strain  and  the  equations  of  linear  elasticity.  The  dynamic  value 
found  for  E  is  approximately  10  percent  higher  than  published 
quasi-static  values,  and  approximately  3  percent  lower  than  a 
published  dynamic  value  (2) . 

6.  An  impact  which  produces  only  elastic  strains  in  a  Lexan  rod  seems 
to  have  no  significant  effect  on  the  strain-time  behavior  during 

a  second  impact  under  the  same  conditions. 

7.  The  yield  point  strain  is  approximately  11.5  percent  in  Lexan 
subjected  to  compressive  short-duration  (approximately  120  usee) 
loading-unloading  pulses.  This  is  almost  double  the  6  percent 
strain  at  which  specimens  exhibit  large-scale  yielding  under 
quasi-static  conditions  (16,  30). 

8.  The  strain  wave  speeds  in  Lexan  under  approximate  one-dimensional 
stress  conditions  are  found  to  be  essentially  constant  for  a  given 
strain  level.  A  fourth-order  least-squares  polynomial  fitted  to 
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the  wave  speed  data  gives  the  wave  speeds  as  a  function  of  strain 
at  strain  rates  of  300  sec  *  to  2000  sec 

c  -  56.66508  -  3.54930eL  +  0.78076e£  -  0.26414ej*  +  0.01724e£  , 

where 

c  •  wave  speed  at  72°F  (in/millisec) ,  and 
e^  -  absolute  value  of  Lagrangian  strain  (percent) . 

9.  The  wave  speeds  for  the  lower  strain  levels  -  less  than  4  percent  - 
are  found  to  decrease  with  increasing  distance  from  the  impact  site, 
becoming  essentially  constant  by  the  time  they  have  propagated 
approximately  eight  diameters  from  the  impact  site.  The  higher 
strain  levels  -  above  4  percent  -  do  not  exhibit  decreases  in  wave 
speeds,  but  travel  at  essentially  constant  speeds  from  the  impact 
site.  The  decrease  in  wave  speeds  for  the  lower  strain  levels  is 
attributed  to  the  transformation  of  the  initial  dilatational  wave 
(uniaxial  strain)  into  a  rod  wave  (uniaxial  stress)  as  the  waves 
travel  along  the  rod.  The  constant  wave  speeds  for  the  higher 
strain  levels  are  attributed  to  a  non-zero  rise  time  for  the  strains 
at  the  impact  site,  so  that  higher  strain  levels  propagate  through 
material  in  an  approximate  state  of  uniaxial  stress. 

It  is  hoped  that  these  results  will  afford  a  better  understanding 
of  some  of  the  aspects  of  the  dynamic  behavior  of  Lexan,  and  will  be 
useful  in  design  applications  which  utilize  this  material  to  fabricate 
objects  subjected  to  severe  dynamic  environments. 

In  the  course  of  this  study,  several  topics  have  suggested  themselves 
as  possibilities  for  further  investigation  in  this  area: 
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1.  As  an  extension  of  the  investigation  reported  here,  a  similar  series 
of  tests  could  be  conducted  to  refine  the  results  presented  here  and 
to  extend  these  results  to  higher  strain  levels.  This  would  require 
longer  specimens  and  strikers  to  afford  more  recording  time  before 
unloading  begins  at  a  grating  site,  higher  striker  velocities  to 
produce  higher  strain  levels,  and  grating  locations  numerous  enough 
and  far  enough  from  the  impact  site  to  afford  a  more  accurate 
determination  of  the  strain  wave  speeds.  None  of  these  requirements 
are  outside  the  capabilities  of  the  present  system. 

2.  It  might  be  possible  to  predict  the  strain-time  behavior  of  an 
impacted  Lexan  rod  -  at  least  in  regions  where  conditions  approximate 
ynjiiT-fal  stress  -  by  using  one-dimensional  viscoelastic  wave  theory. 
Watson  (66)  has  used  this  approach  -  with  success  -  to  predict 
strain- time  histories  for  the  case  of  a  strain  pulse  of  0.1  percent 
amplitude  propagating  along  a  slender  Lexan  rod. 

3.  A  study  could  be  made  of  the  influence  of  maximum  strain  and  pulse 
duration  on  the  permanent  deformation  suffered  by  Lexan  rods 
subjected  to  pulse-type  loading,  thereby  defining  different  strain- 
time  histories  which  produce  the  same  permanent  deformation.  The 
mfl-g-tnnnn  strain  amplitude  and  pulse  duration  can  be  varied  by 
changing  the  striker  velocity  and  striker  length,  respectively. 

4.  The  influence  of  strain  rate  on  the  dynamic  stress-strain  relation 
for  T^-ran  could  be  studied  by  performing  tests  similar  to  those 
reported  here;  by  judiciously  varying  striker  velocity  and  grating 
location  so  that  strain  wave  velocity  data  -  and  hence  the  dynamic 
stress-strain  relations  derived  therefrom  -  are  within  a  desired 
range  of  strain  rates,  it  might  be  possible  to  develop  a 
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stress-strain-strain  rate  relation  for  Lexan  which  would  encompass 
a  wide  range  of  conditions. 

5.  A  numerical  study  of  two-dimensional  wave  propagation  in  Lexan  rods 
using  the  material  properties  found  here  might  be  made  and  compared 
to  experimental  results  in  order  to  verify  or  to  disprove  the 
accuracy  of  these  material  properties. 

It  should  be  noted  that  these  suggestions  for  further  work  are  tentative 
close  examination  may  show  some  or  all  not  to  be  feasible. 
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6  APPENDICES 


6.1  Computer  Printouts  of  Strain,  Surface  Rotation,  and 
Approximate  Strain  Rate  Versus  Time  After  Impact  for 
Lexan  Series  2  (LS2)  Tests 


Appendix  Table  6.1  Results  of  test  LS2-1 

SERIES  2  *  TEST  NUMBER  |  (LS2-  1 )»  3/23/71 


STRIKER  VELOCITY  (FT/SEC)  ■  535,5 

STRIKER  LENG1*  UN)  *  3.000 
TARGE T  LENGTH  (In)  *  6,000 

CRATING  DISTANCE  FRO*  In* ACT  (In)  ■  1,51* 

CRATING  LENGTH  (|n)  ■  0,0146 
AH3 IEnT  TEHPERATuRE  (DEG  F)  *  80,0 

PtSIOUAL  STRAIN  APPRO*.  FIVE  mi*.  AFTER  TEST  (X)  *  0,0 


0«1A  TINE  -3U«F,  ROT,  EUL,  STRAIN  LAG,  STRAIN  AVG.  STRAIN 
POINT  (NIC3EC)  (DEGREES)  (PERCENT)  (PERCENT)  RATL(SEC-l) 


1 

0,0 

0.0 

0,0 

0,H> 

2 

1.68 

0,0 

0,0 

0,0 

l 

6,87 

-0,0058 

-0,04 

•  ft, 04 

« 

10,15 

-0,0058 

-0.04 

-0,04 

5 

16.71 

-0,0018 

0.01 

0,01 

( 

2i,4U 

•0.0303 

-0,08  - 

•  0.08 

7 

30,71 

-0,3215 

-1.91 

-1,88 

• 

36.13 

-0.4275 

-2,96 

-2.87 

•  1.01 

•0,3666 

-3,97 

-3,82 

•  1,03 

-0,3103 

•  4,46 

*4,27 

11 

44,41 

-0,3159 

-4,79 

•4,57 

12 

•  6.08 

-0,3045 

-5,06 

-a. 82 

11 

52.41 

-0.2695 

-5,70 

•S.aO 

59,59 

-0,1887 

•  6,34 

-5.97 

63.10 

-0,1958 

•6,30 

-5,93 

If 

68,75 

-o.tsos 

-6.42 

•f  ,03 

0. 

75. 

-194. 

-1439, 

*1837. 


•  1935 
-2213 
-2223 

•  1462 


-848, 

-855, 

115. 

-185, 
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Appendix  Table  6.2  Results  of  test  LS2-2 

iexan  scales  ?  *  test  hum«er  2  (is?-  ?),  3/so/7i 


struer  velocity  (ft/seci  a  5<j<j,a 
striker  length  un)  •  t •  ooo 

TARGET  LCN«t^  (In)  #  *,000 
CRiTIwC  DISTANCE  FRO*  IhPACT  (IN)  a  l.SOR 
CRATING  LENGTH  (IN)  a  0,0197 
4H6ICNT  TENPERATuRE  (DEG  P)  a  75,0 

R£SI0U*l»  STRAIN  APPROX,  FIVE  NIN,  AFTER  TEST  (X)  a  0,0 


Oil* 

POINT 

TInE 

(HICSEC) 

SURF,  RQT, 
(DECREES) 

EUl,  STRAIN 
(PERCENT) 

LAG,  STRAIN 
(PERCENT) 

AVC ,  STRAIN 

R A  TE (SEC-1 ) 

1 

0,0 

0.» 

0,0 

0,0 

0. 

2 

5.53 

6.0 

0,0 

0,0 

0, 

3 

12,97 

0.0 

0,0 

0,0 

o. 

« 

20,98 

-0,0754 

•  0,33 

-0,11 

-415. 

5 

28.9* 

-0.5720 

•  1,85 

-1,82 

-1861. 

i 

52,92 

-0.1*55 

•  2,53 

*2,«T 

-l*5o. 

7 

18,4c 

-0.5539 

-3,78 

•  3,64 

-2133. 

8 

95.72 

•0.2975 

•  4,97 

•  4,74 

•2064, 

* 

47. 1« 

-0.2490 

•  5,14 

•  5,07 

-918. 

10 

51.12 

-0.2579 

•5,5* 

-S,2C 

•512. 

ii 

53.41 

-0,1845 

-5,75 

-5,44 

*779, 

12 

57,41 

•0,0*9) 

•  5,93 

*5,60 

-394. 

Ii 

*0,73 

•0.0384 

-6.04 

-5,  *9 

-282, 

t« 

*5, *2 

0.1309 

-5,88 

•5,55 

291. 

IS 

70,59 

0.2300 

•5,44 

-5,16 

824. 

t* 

74,24 

8.2481 

•5,19 

•  4,94 

571. 

17 

77.98 

0.3280 

-4,71 

-4,49 

1185. 

18 

79,88 

8.3509 

-4 , 48 

-4.29 

1059, 

19 

82.5* 

0.35*3 

-4,05 

•  3,90 

1*79, 

20 

87.21 

0.4088 

-3.49 

•  3,37 

1123. 

21 

88.7* 

8,4437 

•3,27 

-3,17 

1335. 

22 

90.19 

0.48)9 

•  5,0* 

-2,96 

1*21. 

25 

117.05 

-0.034) 

-0,4* 

-0,46 

53*. 

24 

144,93 

8.048) 

•  0,43 

-0,43 

33. 

25 

152.18 

8.0400 

-0,39 

-0,39 

59. 

2* 

155.85 

0.0191 

-0,22 

-0.21 

•97. 

27 

159,1* 

8,15)5 

•0,19 

•0.19 

75. 

28 

1*5.*1 

8.2475 

•  0.00 

•  0,00 

289. 

29 

1*8.89 

8,243* 

0,10 

0.10 

302, 

50 

170,83 

0.22*3 

0,20 

0,20 

532, 

51 

172,44 

8.2222 

0,31 

0,31 

*84, 
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Appendix  Table  6.3  Results  of  test  LS2-3 

Lf*AN  SCRIES  2  -  T£3T  NUMBER  3  (L32*  3),  «/  «/7l 


STRIKER  VELOCITY  (FT/SEC)  *  540,0 

STRIKER  LENGTH  UN)  a  1,250 
TARGET  LENGTH  (In)  a  6,000 

GRATING  DISTANCE  FRO*  IMPACT  (In)  •  0,254 
GRATING  LENGTH  (IN)  >  0,0244 
AMBIENT  TEMPERATURE  (DEG  f )  «  B2,0 

RESIDUAL  strain  APPROX,  Five  HIN,  after  TEST  (X)  ■  0,0 

OATA  TlTlE  SURF,  ROT.  CUL ,  STRAIN  LAG,  STRAIN  AVG,  STRAIN 


POINT 

(MIC3EC) 

(DEGREES) 

(PERCENT) 

(PERCENT) 

RAT£(SEC-i) 

I 

0,0 

0.0 

0.0 

0,0 

o. 

i 

2.21 

0.0 

0,0 

0,0 

0, 

3 

7.59 

•1.0974 

-3.66 

-3,53 

*6567, 

A 

9.15 

-2,1670 

-4,30 

-4,12 

•3002, 

S 

9,76 

•1,9663 

•  4,85 

-4,6? 

-•202, 

* 

16,43 

-1,5029 

-7,20  • 

-6,79 

•3244, 

7 

10.95’ 

•1,6005 

-0,37 

*7.73 

-3731, 

• 

25.50 

-1.4371 

-10.32 

-9,15 

-2400, 

9 

32,10 

-1,4909 

•11.21 

-10,08 

•1097, 

10 

40,14 

•1,6690 

-12,02 

•10,73 

-809, 

II 

50,97 

•1,6502 

-12,19 

-10,07 

-130, 

U 

66.49 

-1,6617 

*9,00 

-0,99 

1211. 

13 

72,63 

•1,6790 

•  0,49 

-7,03 

1097. 

14 

75,60 

•1,5000 

•  7,44 

-6,92 

3035, 

IS 

77,47 

-1,4123 

-6,09 

•  6,44 

2565, 

1* 

01,01 

-1,3560 

-5.81 

•5,49 

2691, 

17 

•  7,99 

-1,4267 

-4,28 

-4,11 

1901, 

IS 

97,60 

•1,4094 

•3,05 

-2,96 

1200. 

I* 

101.37 

-1,2171 

-2.60 

-2,54 

1107, 

20 

107,74 

•0,7955 

-1,93 

-1,89 

1010, 

21 

112,20 

-0,6072 

•1.21 

-1.20 

1559, 

22 

116,09 

-0,4556 

•  0,06 

-0,85 

092, 

23 

122. JS 

-0,1604 

-0,52 

-0,52 

520, 

24 

120.44 

0,0020 

-0,30 

-0,30 

350. 

25 

131,20 

0,0091 

•  0,24 

-0,23 

1«. 

26 

136.94 

0,1065 

•  0,20 

•  0,20 

•  125. 

27 

1*0.22 

0,2362 

-0,10 

•0,30 

-51. 

2S 

144,49 

0,2209 

-0,30 

•  0,30 

-5. 

29 

lSl.12 

0,2450 

•  0,20 

•  0,20 

26. 

30 

155.32 

0,2610 

*0,29 

-0,29 

-20. 

31 

161,30 

0,2610 

•  0,11 

•  0,31 

*2P. 

32 

165,65 

0,2592 

•  0,30 

-0,29 

26. 

33 

170.7* 

0.2499 

•  0,21 

•0,21 

157, 

34 

175,07 

0,2557 

•  0,20 

-0,20 

29. 

COMMENTS' 
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Appendix  Table  6.4  Results  of  test  LS2-4 


ICON  SERIES  i  *  TEST  |VUNBFH  <|  US2-  <|> ,  S /  2/7t 


STUMER  VELOCITY  (FT/SEC)  *  561,2 

STRIKER  LENGTH  (IN)  a  |t0D0 

TARGET  LENGTH  (In)  a  6,000 

GRATING  0I3TANCE  FROM  IMPACT*  (In)  *  2,007 

GRATING  LENGTH  (IN)  a  0,0138 

AMBIENT  TEHPtRATU»E  (DEG  F)  a  75,0 

RESIDUAL  STRAIN  APPRO*.  FIVE  AFTER  TF  ST  (X)  a  0,0 


DATA 

POINT 

TINE 

(WICSEC) 

SURF,  HOT, 
(DEGREE  3 ) 

EUL,  STRAIN 
(RtRCENT) 

LAG,  STRAIN 
(PERCENT) 

AVG,  STRAIN 
R*  TE ( SEC-1 ) 

I 

0,0 

0.0 

0,0 

0.0 

0. 

2 

7,37 

o.o 

0,0 

0,0 

8. 

i 

U.22 

0,0 

0,0 

0,0 

0, 

* 

16.37 

0.0 

0,0 

0,0 

0, 

5 

20,49 

-0,0059 

•  0,01 

•  0,03 

*75, 

* 

22,06 

-0,0118 

•  0,06 

•  0,06 

•  197, 

7 

26.14 

-0,0900 

•0,29- 

•0,29 

•555. 

8 

27,51 

•0,0006 

•  0,06 

•  0.06 

1671, 

9 

30, tl 

•0.2073 

•  0,72 

-0,72 

-2533, 

10 

34,84 

-0,1736 

•1,20 

*1,19 

-1001, 

tl 

45,91 

-0,3970 

-3,12 

*3,02 

-1659, 

12 

51,10 

•0,2655 

-4,22 

*4.05 

-1978, 

13 

54,88 

•0,3090 

-4,56 

•  4,36 

-812, 

|« 

56,75 

•0.2605 

-4,81 

•4,59 

-1223, 

IS 

62,78 

•0,234} 

-5,24 

•  4,98 

-655, 

16 

68,42 

-0,1182 

•5,62 

-5,32 

-605. 

17 

71,02 

•0,0822 

•5.81 

*5,49 

•643, 

It 

73.31 

-0,0314 

•5,65 

•  5,35 

609, 

1* 

77,16 

0,0155 

•5,68 

•5,37 

*55. 

20 

•  1,32 

0.1537 

-5,49 

•5,21 

195. 

21 

■  6.13 

0,2038 

•5,25 

•  4,99 

«52. 

22 

84.26 

0,2299 

•5,05 

*4,80 

595. 

23 

107.43 

0,4177 

•2.85 

*2,77 

1121, 

24 

129,16 

0,0249 

•0,09 

•  0,09 

1232. 

25 

167,80 

•0,0507 

0,10 

0,10 

*9, 

26 

172,72 

0.0675 

0,57 

0,58 

969, 

27 

176,52 

0,0983 

6,52 

0,52 

•102, 

COHNfcNTS' 


Appendix  Table  6.5  Results  of  test  LS2-5 

LEVAN  SEHIES  2.  -  TEST  NUHHER  S  (IS2-  S')*  7/13/71 


STRIKE*  VELOCITY  (FT/SfcC )  «  545,1 

STRIKER  LEXCI«  (!•>)  »  3,997 

TARGET  LtNCTK  (In)  m  S . 994 

CHAT InG  OISTAnCE  FRU*  Impact  (In)  *  1,525 

CHAT  InG  LENUTH  UN)  c  0.0224 

AHBItNT  TEMPEOATUWE  (OEG  F)  «  72.0 

RESIDUA).  STSaJn  APPRJX,  FIVE  *IN,  AFTFH  TEST  (X)  «  0,0 


OATA  TI«E  SUPF,  HOT.  E'JL,  STRAIN  LAG,  STRAIN  AVG,  STRAIN 


POINT 

(NICSECI 

(DECREES) 

(PERCENT) 

(PERCENT) 

HAT£(3EC- 

I 

0,0 

0.0 

0,0 

0,0 

0. 

2 

5.17 

0.0 

0,0 

0.0 

0. 

5 

9,05 

0,0 

0,0 

0,0 

0. 

4 

12,12 

0,0 

0,0 

0,0 

0. 

5 

14,56 

0.0 

0,0 

0,0 

0. 

6 

19,74 

•0.0111 

-0.22  • 

-0.2? 

-419, 

7 

23,65 

•0,3866 

-1,10 

-1,09 

-2243. 

0 

25,80 

-0,4030 

-1.57 

-1,55 

-2104, 

9 

28,62 

-0,3467 

-2,07 

•  2,03 

•1699, 

10 

32,36 

-0,4647 

-2.84 

•  2.76 

-1962. 

11 

38.64 

•0,4047 

-4,18 

•4.01 

•1990, 

12 

«7,1« 

-0,3705 

•5.41 

•5,13 

-1318. 

13 

54,16 

-0,2601 

•6,  15 

•  5,80 

-951, 

14 

$8.88 

•0,2856 

•6,51 

-6,13 

-702, 

15 

62.50 

•0.2598 

•6,77 

-6,14 

•594, 

16 

73,75 

•0,2730 

•7,31 

-6,81 

•415. 

17 

79,65 

-0,2732 

•  7,64 

-7,10 

-490, 

IS 

94,52 

-0,3072 

•  8,05 

-7,45 

•231, 

19 

102,98 

•0.3306 

-8,26 

-7,63 

-219, 

20 

106.41 

-0,3478 

-8,12 

-7,68 

-149, 

21 

120,24 

-0,4037 

•8,67 

•  7,98 

-214, 

22 

125,42 

•0,4422 

•8,79 

•  8.08 

-199, 

21 

131,20 

-0,4693 

-8,99 

-8,24 

-209, 

24 

139,83 

-0,5151 

-9,03 

•  8,29 

•  62, 

29 

151,95 

-0.5918 

•9,25 

•  8,47 

-150, 

26 

160,52 

•0,6226 

•9,25 

-8,47 

•2# 

27 

164,98 

•0,6604 

•  9,16 

-8,39 

181, 

20 

170,85 

•0,6741 

-9,10 

•8.34 

82. 

29 

185.91 

-0,7768 

*8,0? 

-7,45 

592, 

10 

191.89 

-0.8173 

•  7,«7 

•6,95 

841, 

31 

197.45 

-0,8481 

•6, 75 

•  6,32 

1127, 

32 

201.04 

-0,8527 

•6,44 

•6,05 

756, 

33 

205.76 

-0,8589 

•3,73 

•5,42 

1332. 

34 

217,23 

-0,9183 

-4,24 

•  4,07 

1179. 

35 

221.41 

•0,9616 

•3.12 

-3.03 

1680. 

36 

226,14 

-1,0055 

•2.60 

•  2. S3 

1703. 

37 

233.59 

-1.0598 

-0.95 

•0,94 

2251, 

3S 

238.77 

•1,0411 

0,33 

0.33 

2364, 

39 

249,44 

-0.7222 

1.93 

1.97 

1542. 

COMMENTS' 


Appendix  Table  6.6  Results  of  test  LS2-6 

SCRIES  2  *  TEST  NUHrtfR  6  CLS2*  61/  7/13/71 


STRIKER  TELUCIfr  (ft /SEC >  ■  526,1 

STRUCK  LENGTH  (IN)  a  4,000 

TARGET  LENGTH  (In)  >  5,99<l 

GRATING  01 3 T ANCt  FRu«  IMPACT  (In)  a  1,518 

GRATING  LENGTH  (IN)  a  0,0224 

ANSItNT  TEHMtRAtUHfc  (0£C  f )  a  72,0 

residual  STRAIN  APPRO*,  UVE  NIN,  ameh  TEST  (*)  a  0,0 


DATA 

POINT 

TIRE 

cmcsEC) 

SURE,  ROT, 
(DEGREES) 

EUL,  STRAIN 
(PERCENT) 

LAG,  STRAIN 
(PERCENT) 

AVG,  STR* 
RATE (SEC- 

1 

0,0 

o.o 

0.0 

0.0 

0. 

i 

3.78 

0,0 

0,0 

0,0 

0. 

i 

11,49 

0.0 

0,0 

0,0 

0. 

4 

15,68 

0,0 

0,0 

0,0 

0. 

5 

19,20 

-0,0539 

-0,32 

-0,32 

-911, 

» 

24.81 

-0,4169 

-1,52  • 

•  1,49 

-2091, 

7 

35,11 

-0,4491 

-3,51 

•  3,39 

—1842, 

6 

44.73 

-0,3515 

-5,23 

-4,97 

-1644, 

9 

56,44 

-0,2903 

•6,3  7 

-5,99 

-868, 

10 

64,23 

-0,2555 

•  6,81 

-6,17 

-495, 

11 

70,98 

-0.3085 

-7.14 

-6,67 

-433, 

12 

78,92 

-0,2971 

-7,44 

•  6,93 

•!?7, 

1J 

82,54 

•0,3294 

•  7,56 

-7,03 

*288, 

89,76 

-0.3459 

-7.81 

*7,24 

-292. 

15 

95,18 

-0,1579 

-7,93 

-7,35 

-204, 

1* 

105,90 

-0,4105 

-8,20 

-7,62 

-206, 

17 

111,62 

-0,4345 

-8.38 

-7.74 

-210, 

IS 

118.99 

•0,4708 

-8,51 

*7,84 

•  too. 

19 

125,90 

•0,5133 

•  8,64 

-7,95 

-166, 

20 

132,19 

-0.5521 

*8,82 

-8,11 

-245. 

21 

146,58 

•0.6777 

•9,04 

-8,29 

•124, 

22 

153,53 

-0,7151 

-9,07 

-8,32 

•44. 

21 

1S9.98 

-0.7501 

•  9,07 

*8,32 

0. 

2* 

163,37 

-0,7/68 

-9,07 

•8.31 

8, 

25 

180.89 

-0,8758 

•8,14 

•  7,51 

•51, 

26 

186,04 

-0,9061 

•  7,58 

-7,05 

932, 

27 

194,83 

-0,9904 

•  6,78 

-4,35 

892, 

28 

204,05 

-1.0535 

-5,39 

•5,11 

1211, 

29 

209.14 

-1,0710 

•  4,74 

-4,53 

1149, 

SO 

212,07 

-1,0867 

*4,37 

-4,19 

1169, 

31 

215,31 

-1,1087 

•  5,75 

•  1,61 

1767, 

42 

217,07 

-1,1278 

•4,53 

-1.41 

1144, 

34 

225.84 

-1.1961 

•  1,88 

-1,85 

1781, 

34 

231.49 

-1.2402 

•0,58 

-0,57 

2257. 

35 

246,41 

-0t993« 

2.22 

2.27 

1906, 

counts* 
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Appendix  Table  6.7  Results  of  test  LS2-8 

LEiAN  SERIES  z  -  TEST  NUMBER  •  (LS2-  8),  7/15/71 


STRIKER  VELOCITY  (f  T/SEC )  ■  5«0,5 

STRIKER  LENGTH  (IN)  «  <»,000 

TARGET  LENGTH  tlN>  ■  6,000 

GRATING  OISTANCfc  FROM  IMPACT  (IN)  ■  1.51S 

GRATING  LENGTH  (IN)  ■  0,0264 

AMBIENT  TEMPERATURE  (OEG  F.)  •  72,0 

RESIOUAL  STRAIN  APPRU*,  FIVE  MIN,  AFTER  TEST  ft)  *  0,0 


DATA 

POINT 

TIME 

(HICSEC) 

SURF,  ROT, 
(DECREES) 

EUL.  STRAIN 
(PERCENT) 

LAG,  STRAIN 
(PERCENT) 

AVG,  STHAf 

rateoec-! 

1 

0.0 

0,0 

o.o 

0,0 

o. 

2 

1.96 

0.0 

0,0 

0.0 

0. 

3 

7,50 

0,0 

0,0 

0.0 

0. 

« 

11,35 

0.0 

0.0 

0,0 

0. 

S 

16.53 

0.0 

0,0 

0.0 

0. 

6 

20,45 

•0,0166 

*0,16  • 

*0,16 

•  410, 

7 

24,38 

-0,4294 

-1,37 

*1,15 

-3030, 

a 

25,59 

-0.4202 

-1,49 

•1,47 

-953, 

* 

24,96 

*0,3684 

-1,66 

•1,64 

-1250, 

10 

33,55 

-0.4551 

*2,8T 

•  2,79 

•1745. 

n 

41,40 

-0,3764 

•  4,62 

•  4,41 

*2075, 

12 

44,86 

•0,3447 

*5,32 

*5,06 

-1166. 

13 

49,28 

-0,3274 

-5.47 

-5.18 

-529, 

58,58 

•0,2157 

•6,30 

-5,93 

-805, 

15 

65,20 

•0,1272 

-6,61 

•6,20 

-409, 

U 

67,11 

-6.11(0 

-6,66 

•  6,24 

•212. 

17 

70,31 

-0,1376 

•6,78 

•  6,35 

•  334, 

IS 

85,39 

•0,0622 

•7,29 

•6,00 

-298. 

1* 

96,62 

0,0020 

-7,66 

-7,13 

-297, 

20 

101,04 

0.0320 

•  7,79 

-7.22 

-206, 

21 

108,77 

0,0679 

•  7,93 

•7,35 

-159. 

22 

119,29 

0.1347 

-8.10 

•7,49 

-136, 

23 

127,28 

0.1646 

-8,35 

*7,7! 

•  270, 

24 

143.47 

0.2645 

•6,55 

-7.86 

-107, 

25 

151.92 

0.3215 

•  8,66 

-7,97 

-104, 

159,01 

0,3966 

•  8,64 

-7,96 

16. 

27 

172,49 

0,5117 

•  6,47 

-7,81 

106, 

28 

196.94 

0.5703 

—6 , 6  1 

•6,20 

654. 

29 

201,09 

0.5742 

-6,01 

-5,67 

1274. 

30 

220.40 

0,6025 

-3,50 

-3,19 

1283. 

31 

232,25 

0.6310 

•0,86 

-0,86 

1473. 

32 

242,6! 

0.7272 

1,2« 

1,25 

2037. 

33 

244.59 

0.7173 

1.45 

1.48 

1126. 

3« 

251,37 

0.6881 

2,29 

2.34 

1276, 

COMMENTS-BAO  IMPACT, ABERRANT  SURFACE  ROTATION, 


Appendix  Table  6.8  Results  of  test  LS2-11 

SERIES  2  -  TEST  NUMBER  11  <LS2-tUi  7/21/71 


STRIKER  VEL0C1TT  (FT /SfcC )  *  509,5 

STRIKES  length  UN)  a  1,971 

TANGE  T  LENGTH  C 1  ** >  «  5,990 

GRATING  DISTANCE  FRUM  IMPACT  (In)  a  2,290 

GRATING  LENGTH  UN)  a  0,0110 

AMBIENT  TE-PlR*Tu»E  (OEG  F)  a  72,0 

BESIOUAL  STRAIN  APPPOX,  FIVE  MIN,  AFTFN  TESt  (XT  «  0,0 


DATA 

POINT 

TIME 

(NIC  SEC ) 

SUBT- ,  BQT  , 
(DEGREES) 

EUL.  3TBAIN 
(PERCfcNT) 

( AG .  STRAIN 
(PERCENT) 

AVG,  STRA 
RA  TE ( SEC- 

1 

0,0 

0,0 

0,0 

0.0 

0. 

2 

2,98 

0.0 

0,0 

0.0 

0. 

1 

7,83 

0.0 

0,0 

0,0 

0, 

a 

14,93 

0.0 

0.0 

0,0 

0. 

5 

24,25 

0,0 

0.0 

0.0 

0, 

A 

30.32 

-0,1503 

-0.42  ‘ 

*0,42 

-691, 

7 

35.44 

-0,1317 

-0,77 

-0,77 

•677, 

S 

41.34 

-0,2933 

-1,70 

-1.47 

-1531, 

9 

45,29 

-0,3090 

-2,  19 

-2.3« 

-1494, 

10 

51,17 

-0,2947 

-3.51 

-3,a0 

-1798, 

kl 

58,14 

•0.2557 

-4,41 

•  4,23 

-1188, 

12 

*3,44 

-0,2822 

-4,98 

-4,  74 

-944, 

11 

47,17 

-0.2219 

-5,39 

-5.12 

•1040, 

14 

73.78 

-0.2292 

-5.87 

-5,54 

-444, 

IS 

78.93 

*0,1720 

-4,18 

-5,82 

-54J, 

1* 

63.29 

-0.1707 

•4,42 

-4,04 

•  489. 

17 

87,14 

-0,1714 

-4,44 

•4,25 

-553. 

IB 

92.03 

-0,1334 

-4,88 

-4,43 

•iff  1  8 

19 

97,11 

-0.1437 

-7,04 

-4,59 

*311, 

20 

104,54 

-0,1394 

-7,41 

-4,90 

-409, 

21 

109;75 

-0,1513 

-7,57 

-7,04 

•248, 

22 

116.27 

-0,1349 

-7,90 

-7.32 

-333. 

21 

129,04 

-0.1373 

-8,2* 

-7,44 

-M«. 

24 

140.41 

*0.1051 

-8,44 

•  7,95 

-251, 

25 

1S4.95 

-0,0559 

-8.90 

•8,18 

-138. 

24 

147,48 

-0,0537 

*8,71 

-8,01 

tst. 

27 

184.89 

-0,0884 

-7,02 

-4,54 

740, 

2B 

207,84 

-0.1450 

-1,95 

*3.80 

1313. 

29 

218,5* 

-0,1494 

-1,97 

-1,93 

1744, 

30 

225.23 

-0.0254 

•  0,80 

-0.80 

1710, 

St 

237.24 

0,1404 

0,58 

0,56 

11«3, 

CONMINT9* 


Appendix  Table  6.9  Results  of  test  LS2-0.2 

LE*AN  SERIES  2  ■  TEST  NU*BER  12  (L32-12),  7/21/M 


STRIKER  VCLUCITV  (FT/SEC)  *  551.6 

STRIKER  LC Mti TM  (IS)  *  3, *77 
TARGET  LENGTH  (Is)  «  6,023 

COATING  DISTANCE  FO'JH  I-P4CT  UN)  *  2.279 
COATING  LENGTH  (IN)  ■  0,0231 
AHbltNT  TEHPERATuOt  (DEC  F)  a  73,0 

RESIDUAL  STRAIN  APPROX,  FIVE  HlN,  if  TEH  TEST  (X)  «  0.0 

OATA  TI*I  SURF,  ROT,  EUL,  STRAIN  LAG,  STRAIN  A VG,  STRAIN 


POINT 

(HICSEC ) 

(DECREES) 

(PERCENT) 

(PERCENT) 

RATE (SEC-1  ) 

t 

0.0 

0,0 

0.0 

0,0 

o. 

? 

2. IS 

0.0 

0.0 

0,0 

0. 

3 

13,70 

0,0 

0.0 

0,0 

«. 

« 

22.90 

0.0 

0,0 

0,0 

0. 

5 

26.6S 

-0.0541 

-0,10 

•0,10 

-410, 

6 

31.71 

-0,1703 

-0.45  ' 

•  0,45 

-502. 

7 

37,36 

-0,2140 

*0.99 

-0,96 

-930. 

6 

43,41 

•0,3002 

•  2,34 

•2.29 

-1634, 

9 

50,63 

-0,3197 

-3,40 

-3,37 

-1984, 

10 

53,73 

-0,3100 

-3,72 

-3.58 

-745, 

11 

59,10 

•0,2501 

-4,53 

-a,31 

-1347. 

12 

67,66 

-0,2126 

-5.39 

-5,11 

-931. 

li 

75,90 

-0.2009 

-5,96 

-5.65 

-6«5, 

14 

66,17 

-0,1536 

-6.04 

•6,22 

-564  , 

13 

91.50 

•0,1229 

•  6.92 

•  6,4  7 

-341, 

16 

106.70 

*0.1310 

-7.51 

*6 , 90 

-304. 

17 

116.05 

-0.1204 

-7,03 

-7,26 

-296, 

11 

129,79 

-0.1049 

-0,20 

•7 , 65 

•  266, 

1* 

111,22 

-0.1701 

*0,41 

*7.75 

-300, 

20 

141,20 

-0,1900 

-6,67 

-7,96 

-202. 

21 

151,62 

-0.2190 

-0,90 

-0,24 

-249, 

22 

150,16 

-0.23O7 

-9,06 

-0,32 

-1?«. 

23 

165,01 

-0.2751 

•9,15 

•  6,30 

-05, 

24 

160.47 

•0.3950 

-0,23 

-7,00 

501, 

23 

107.34 

*0,4533 

-7,09 

-7,14 

679, 

26 

199.17 

-0,5702 

-5,96 

-5.03 

1277, 

27 

201,73 

-0.6006 

•5,61 

-s,ii 

1232, 

21 

210.39 

-0,7407 

-4,09 

-3,93 

1590, 

29 

216,40 

-0.79*2 

-2,49 

-2,43 

1067. 

30 

222.33 

-0,7133 

-1.79 

-1.75 

1725, 

31 

232.64 

•0,3002 

-0,30 

-0,10 

1*13, 

32 

2«2. A1 

-0.3104 

0,47 

0,40 

7*2, 

33 

2*7,63 

-0,5243 

0,91 

0,92 

047, 

COMHENTS* 


Appendix  Table  6.10  Results  of  test  LS2-13 

LEVAN  SERIES  2  -  TEST  NiJMHfM  1»  (US2-13),  7/22/71 


STRIKER  VELOCITY  (FT/SCC)  •  533,0 

STHI*£H  LENGTH  C 1 N )  ■  1,00ft 

TARGET  LENGTH  UN)  »  5,994 

COATING  DISTANCE  FROM  IhPaCT  (In)  a  l,St7 

(MATING  LENGTH  (In)  a  ©.0114 

AMBIENT  Tt-PEMMUME  (DEG  F)  a  73,0 

RESIDUAL  STRAIN  APPROX.  FIVE  min,  AFTER  TEST  (X)  *  0,0 


DATA 

POINT 

TIME 

IMICStC) 

SURF,  ROT. 
(DEGREES) 

t'JL,  STRAIN 
(PERCENT) 

LAG,  STRAIN 
(PERCENT) 

AVG,  STRAt 
RAT£(SEC-l 

1 

0,0 

0.0 

0,0 

0,0 

0. 

2 

S,  69 

0,0 

0,0 

0,0 

0. 

i 

9.81 

0.0 

0,0 

0,0 

0. 

A 

15,73 

0,n 

0.0 

0.0 

0, 

5 

20.58 

-0,0540 

-0,52 

-0.52 

-1069, 

4 

25.05 

•0.3682 

•1,55- 

•  1,52 

-22«6, 

7 

12,08 

-0,4193 

-2,74 

*2,67 

-1630. 

a 

38,15 

-0.167J 

-4.00 

-3,84 

-1936, 

9 

92.61 

-0.2825 

-4,89 

-4,66 

-1758, 

10 

50.91 

-0.2471 

•5.60 

-5,31 

-8«9, 

11 

54.80 

•0.1823 

-5,94 

-5,61 

-679, 

12 

58,12 

-0,146/ 

*6,08 

-5,73 

-389, 

13 

93,99 

-0,0331 

-5.93 

-5,60 

227, 

1« 

99,06 

0,0196 

-5,87 

-5,55 

251, 

15 

99,54 

0,0375 

-5.46 

•5,19 

1027, 

IP 

72.79 

0,0502 

-5.30 

-5,03 

488, 

If 

74,85 

0,0829 

-5,11 

-4,86 

i 

It 

77.10 

0,0785 

-4,68 

•  4,65 

926. 

19 

82,91 

0,0622 

-4.11 

•  3,95 

1210. 

20 

92,30 

0.2121 

-2,55 

-2,49 

1561, 

21 

99,90 

0,1488 

-1,32 

-1,30 

1962, 

22 

109,66 

-0,1172 

-0,31 

-0,  31 

1370, 

25 

113.72 

•0.3310 

-0,08 

•  0,08 

329, 

29 

116,65 

-0.1049 

-0.16 

-0,16 

-169, 

25 

121.02 

-0 ,058a 

-0.14 

•  0,14 

29 

123.73 

•0,0522 

*0,11 

•0.13 

27 

129.07 

-0,1459 

-0.21 

-0,21 

-160, 

28 

136.29 

-0.1344 

•  0,24 

-0,24 

-46, 

29 

146,79 

•0,0310 

•  0 , 32 

-0,12 

-73, 

30 

156,76 

•0,2260 

•  0.18 

•  0,18 

139, 

31 

164.36 

-0,1478 

-0,20 

•  0,20 

•21 . 

32 

179,71 

-0,2115 

0,24 

0.26 

299, 

33 

188,66 

-0,2224 

0,75 

0,76 

• 

39 

200,14 

-0,2659 

1.51 

1.53 

471, 

35 

208,85 

•0,3040 

2.08 

2.12 

481, 

39 

219,98 

•0.327S 

2.41 

2.87 

429. 

37 

227,98 

-0.3148 

2.59 

2,66 

173, 

38 

241,31 

-0,3572 

2,46 

2,52 

-105. 

39 

247,68 

-0,3721 

2.24 

2.31 

-321, 

COMMENTS- 


Appendix  Table  6.11  Results  of  test  LS2-15 
uexA*  semes  2  •  test  number  is  as2*is),  7/26/n 


STRIKER  VELOCITY  (FT/SEC)  *  529,9 

3TR1*ER  LENGTH  (|n)  ■  1,004 

TARGET  LENGTH  (IN)  s  5,985 

GRATING  0 1  ST ANCE  FRUM  IMPACT  (In)  ■  2.265 

GRATING  LENGTH  (IN)  ■  0,0272 

AMBIENT  TEHPERATUHk  (DEC  F)  ■  72,0 

RCSIOUAL  STRAIN  APPROX,  FIVE  NIN,  AFTER  TEST  (X)  •  0,0 


DATA  TIME  SURF,  ROT,  EUL,  STRAIN  LAG,  strain  AVG,  STRAIN 


RU1NT 

(Micseo 

(DEGREES) 

(PERCENT) 

(PERCENT) 

HAIE(SEC- 

1 

0,0 

0.0 

0,0 

0.0 

0. 

2 

1,44 

0.0 

0.0 

0,0 

8. 

3 

a, r« 

0.0 

0.0 

0,0 

o. 

« 

17,33 

0.0 

0.0 

0,0 

0. 

5 

24,62 

-0.0569 

-0,08 

-0,08 

-108. 

6 

33,10 

-0,1028 

*0,53  ' 

*0,53 

•530, 

7 

42,15 

-0,2584 

-1,90 

*1,87 

-1«81, 

8 

52,87 

-0,2824 

•  3,68 

•  3,54 

•1564, 

* 

57,34 

-0,2368 

•  4.22 

•  4,05 

•1138, 

10 

63,75 

•0,1964 

*4,73 

*4,52 

-727, 

It 

75,85 

-0.0133 

*5,21 

•  4,95 

*359, 

12 

•  7,42 

0,1786 

•  4,69 

•  4,48 

407, 

13 

47,42 

0,1881 

-3,82 

-3,68 

804, 

1« 

115,54 

0,3630 

•  1,01 

-1,00 

1474, 

15 

120,10 

0.1374 

-0.19 

-0.19 

1356, 

14 

123,14 

•0,1162 

*0,20 

•  0,20 

616. 

17 

131,44 

•0,2953 

0.J4 

0,04 

287, 

IS 

134.11 

0,0527 

0,05 

0,05 

16. 

14 

144.64 

•0,1076 

0,12 

0,13 

137. 

20 

151.24 

-0,2173 

0,24 

0,24 

167, 

21 

161,52 

0.0161 

0,24 

0,25 

9. 

22 

170,76 

-0,1396 

0,64 

0,65 

437. 

23 

180,44 

•0,0647 

1.93 

l.«5 

786, 

2« 

187,25 

•  0, 1 1 76 

1,86 

1.90 

7«8. 

25 

202,21 

•0,0684 

2.95 

3,04 

765, 

24 

210,42 

•0.0189 

3.32 

3,44 

484, 

27 

220,46 

-0,0903 

3.73 

3,88 

438, 

2S 

237.41 

-0,1445 

3.91 

«,07 

111. 

COMMENTS* 
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Appendix  Table  6.12  Results  of  test  LS2-16 

LCkAn  SERIES  2  -  TEST  *U"BFR  16  (LS2-16),  7/27/71 


STRIKER  VELOCITY  (F  T/SEC )  ■  533.* 

STRI*£*  LENGTH  UN)  «  o,99a 

TARGET  UE**5TH  (In)  ■  5,990 

GRATING  DISTANCE  FRQH  IMPACT  UN)  ■  2,243 

grating  length  (in)  *  o.ona 

AH6IENT  TE*iP£RATu«£  (OEG  f )  ■  73,0 

RESIDUAL  STRAIN  APPHOX,  FIXE  "IN,  AFTER  TEST  (X)  *  0,0 

OATA  TINE  SURF,  ROT,  E'JL,  STRAIN  LAG,  STRAIN  *VC,  STRAIN 


POINT 

(r«icsEC) 

(DEGREES) 

(PERCENT ) 

(PERCENT) 

RATE ISfcC-l  ) 

1 

0.0 

0.0 

0.0 

0.0 

0. 

2 

4,8a 

0,0 

0.0 

0,0 

0. 

3 

20,93 

0.0 

0,0 

0,0 

0, 

• 

27,79 

0,0 

0,0 

0.0 

0. 

5 

40,72 

-0,3177 

•1,55 

-1,52 

-1178, 

* 

•  7,56 

-0.3429 

-2,55 

-2,49 

-1406, 

T 

50,48 

•0,2293 

-4,23 

•4,05 

-1438, 

0 

68.13 

-0,1670 

-5,10 

•  4,85 

-824, 

9 

81.81 

0,0745 

•5,22 

-4,96 

-82, 

10 

86,35 

0,1066 

-5.01 

•  4,77 

413. 

11 

90,20 

0,1616 

•4,73 

•  4.52 

665, 

12 

99.58 

0,1733 

•  3,75 

•  3,62 

960, 

13 

10  3.32 

0,2028 

•3.42 

•  3,30 

842. 

H 

109,19 

0,2995 

•2,42 

-2.37 

1596, 

15 

116,58 

0,3477 

-1,25 

•1,24 

!5?8, 

1* 

132,10 

-0,2789 

•0.15 

•  0,15 

*99, 

136,18 

-0.2210 

•  0,25 

*0,25 

•  2J4, 

IS 

142.09 

-0.0123 

-0.23 

•  0,23 

30. 

153.03 

-0.1511 

0,08 

0,08 

286, 

20 

165.76 

0,0413 

0,29 

0,29 

165. 

21 

186,12 

-0.0508 

1.8’ 

1,51 

596, 

22 

189,48 

-0.1008 

1.76 

1,82 

918, 

23 

195,65 

•0,1600 

2.20 

2,25 

698, 

24 

214.98 

-0,0876 

3,20 

3,30 

556. 

25 

225,47 

-0,1159 

1,44 

3,56 

247  , 

26 

230.96 

-0,1394 

3.54 

3,67 

190. 

27 

246,01 

-0.1207 

3.36 

3,47 

-128, 

cohnuts 


Appendix  Table  6.13  Results  of  test  LS2-17 

LE«An  SERIES  Z  -  TEST  NUMBER  17  (132*17),  7/24/71 


3TR1*ER  VELOCITY  (FT/SEC)  «  534.1 

STRIKER  LENGTH  ( IN 7  ■  0,975 

TARGET  LENGTH  (IN)  *  8.025 

GRATING  DISTANCE  FRHN  IMPACT  (In)  ■  2.945 

GRATING  LENGTH  (IN)  >  0.0118 

AMBIENT  T£iPER*Tu»E  (DEG  f )  «  72.0 

RESIDUAL  STRAIN  APPRUX.  MvE  MIN,  AFTER  TPST  (X)  «  0,0 

DATA  TIN£  Su«F,  ROT.  EOL,  STRAIN  LAG,  STRAIN  AVG,  STRAIN 


POINT 

(rucsEO 

(DEGREES) 

(PERCENT) 

(PERCENT) 

RATETSEC-n 

1 

0,0 

0,0 

0.0 

0.0 

o. 

2 

5,96 

0.0 

0,0 

0,0 

0, 

1 

11,92 

0,0 

0,0 

0,0 

0. 

« 

23,51 

0.0 

0,0 

0,0 

0. 

5 

29,87 

0.0 

0,0 

0,0 

0, 

A 

37,17 

-0,0122 

-0,09. 

•  0,09 

*123, 

7 

41,87 

-0,0292 

-0.25 

•  0,25 

-334, 

S 

50,00 

-0.1714 

•  0,89 

-0,88 

•  778, 

9 

53,94 

-0,2806 

-1.37 

-1.35 

•1192, 

10 

61,04 

-0.2862 

-2.52 

•2,46 

•1564, 

11 

65.82 

-0,2142 

-J.15 

•  3,05 

•1237, 

12 

70,37 

-0,2190 

-3,64 

•  3,51 

•999, 

11 

75,99 

-0,1967 

-4,?2 

-4,05 

•477, 

1* 

80.30 

-0,1445 

*4.58 

•4,38 

*741, 

lb 

89,66 

-0,0852 

-4,91 

-4,68 

*324, 

16 

95,39 

0,0272 

•4,88 

•4,66 

40, 

17 

102,26 

0.1145 

-4,59 

-4,14 

382, 

It 

105,43 

0.1587 

*4,37 

-4,14 

645, 

19 

110,28 

0.1755 

-4,02 

-3,86 

671, 

20 

118,54 

0,2552 

-3.11 

-3.01 

1030, 

21 

124,34 

0,3407 

-2,29 

-2,24 

1338, 

22 

130,76 

0.4572 

-1,07 

•  1,06 

1835, 

21 

111,13 

0.4135 

•  0,64 

-0,63 

1791. 

26 

141,51 

-0,0121 

0,00 

0,00 

761. 

25 

156,70 

0.1499 

*0.17 

*0.17 

•  117, 

26 

160,79 

0.0812 

•  0,17 

*0.16 

19. 

27 

165,06 

•0,0869 

•0,18 

-0,18 

-30. 

20 

168,71 

-0,1989 

-0,14 

-0.14 

95. 

29 

175,00 

0.0699 

•0,02 

*0,02 

202. 

10 

177,59 

0.1694 

•  0,12 

*0,12 

-409, 

11 

142,06 

0,0982 

*0.01 

*0,01 

262, 

32 

188,44 

0,0192 

0,19 

0,14 

301. 

11 

194,94 

0,0449 

0,12 

0,12 

-104. 

34 

200.51 

0,1766 

0,09 

0.04 

*62, 

15 

205.67 

0.0977 

0,07 

0,07 

-26, 

36 

209.76 

0,0014 

0,09 

0,04 

35, 

17 

222.44 

-0.059J 

0,41 

0,42 

259, 

10 

211.26 

-0,1056 

0,65 

0,66 

274, 

19 

240.85 

-0.1450 

1.21 

1.23 

596, 

40 

245.86 

•0.1719 

1.57 

1.60 

740, 

CONNtNTS 


Appendix  Table  6.14  Results  of  test  LS2-18 

ICXAN  stmts  2  •  TEST  NUNHFR  IS  (132-18),  7/10/71 


STRIKER  VElOCITf  (FT/SEC)  ■  522,2 

STRIKER  LEnGTN  (IN)  a  0.995 


TARGET 

LtNQTH 

(In)  ■  7,999 

CRATING  DISTANCE  FRO*  IMPACT  (IN)  ■ 

3.006 

CRATING  UNGTM 

(IN)  ■  0, 

0146  -  . 

ANSIENT  TEMPERATURE  (DtG 

F)  •  72,0 

RESIDUAL  STRAIN  APPROX, 

FIVE  NIN,  AFTER  TEST  (X) 

■  0,0 

OATA 

THE 

SURF,  ROT 

,  EUL.  STRAIN 

LAG,  STRAIN 

AVG,  STRAIN 

POINT 

(NJCStCJ 

(DEGREES) 

(PERCENT) 

(PERCENT) 

RATE(SEC-l) 

1 

0,0 

0.0 

0.0 

0,0 

0. 

2 

2.04 

0,0 

0,0 

0,0 

0. 

1 

6.02 

0,0 

0.0 

0,0 

e. 

11,07 

0.0 

0,0 

0,0 

6. 

5 

14.6V 

0.0 

0,0 

0.0 

0. 

6 

21,58 

0.0 

0,0  ' 

0.0 

0. 

7 

24,21 

0,0 

0,0 

0.0 

0. 

• 

36.95 

0,0545 

0,05 

0,05 

43, 

9 

47.20 

*0.1181 

*0,6) 

-0.60 

•632. 

to 

52,70 

-0,2481 

-1,34 

-1,32 

•1111, 

II 

57,16 

*0.2196 

-1,99 

-1,96 

*1355. 

12 

62,51 

-0.2605 

-2,75 

-2.67 

*1391, 

68,16 

-0.2467 

•  3,42 

•  5,30 

•11)6, 

l« 

72,86 

-0.1949 

-5,95 

-3,80 

-1049, 

1» 

79.96 

-0,1697 

*4,48 

•4,29 

-691. 

I* 

45.65 

*0.1052 

•  4,73 

*4,52 

-404. 

17 

91.15 

*0,0615 

-4 ,62 

•  4,*0 

•  144, 

!• 

99,63 

0.0761 

-4,68 

-4  47 

1*9. 

I» 

108,22 

0.2017 

-4,06 

•  3,92 

615. 

20 

112.50 

0,2275 

•  3,67 

-1,54 

902, 

21 

116.08 

0,2816 

-3,02 

-2.93 

1097, 

22 

121,95 

0.3625 

-2,43 

•2,37 

1448, 

21 

129.27 

0,4850 

-1,17 

-1,16 

1*59, 

24 

153.38 

0.3563 

*0,12 

-0,32 

1368, 

25 

145,97 

-0.1668 

•  0,05 

-0,05 

110. 

24 

149,39 

-0,1076 

-0,27 

-0.27 

-402, 

27 

154,93 

0,1400 

•  0,35 

-0.35 

-138. 

2t 

147,19 

•0,2276 

-0,14 

•  0,14 

178. 

29 

172,64 

•0,0434 

•  0,06 

•  0,06 

132. 

SO 

174.75 

0,0453 

-0,05 

•  0,05 

81. 

SI 

184,67 

-0.0265 

0,01 

O.Al 

57. 

S2 

187,50 

-0.0310 

0,13 

0.13 

•51. 

Si 

195.10 

0,0654 

0.05 

0,05 

-184, 

18 

206,82 

0.0473 

0.12 

0,12 

58, 

Si 

214.42 

-0.0326 

0.18 

8,14 

25. 

34 

218.32 

-0.04Q6 

0.16 

0.18 

101. 

J7 

225,84 

•0,0617 

0,44 

0,44 

345. 

St 

228.90 

-0.0859 

0  j55 

0,56 

389, 

59 

230.77 

-0.1053 

0,65 

0,65 

509, 

•t 

236.84 

•0,1296 

0,92 

0.91 

4$9, 

41 

241,12 

•0.1575 

1.21 

1.23 

694, 

42 

247,11 

-0.1935 

1,62 

1.65 

782. 

CU*»NtNTS- 


Appendix  Table  6.15  Results  of  test  LS2-19 

LC<*N  SERIES  2  -  TfcSf  MUH8ER  19  U32-19),  A/  2/71 


STRIKER  VELOCITY  (ET/SEC)  *  S40.5 

STRIKER  LENGTH  (IK)  *  0,992 
TARGET  LENGTH  (Ik)  »  7.990 
grating  oistance  from  impact  (In)  «  3,oi« 

GRATING  LENGTH  (IN)  »  0,0213 
AHSItNf  ICNRtRATuRE  (OEG  f)  *  73,0 


RESIOJAL  STRAIN 

APPROX, 

five  hin,  after  test  m 

■  0,0 

DATA 

TIHE 

SURE,  ROT 

.  EUL.  STRAIN 

LAG,  STRAIN 

AVG,  STRAIN 

ROINT 

(HICSEC) 

(OEGREES) 

(PERCENT) 

(PERCENT) 

RATE ( SEC-l ) 

I 

0,0 

0.0 

0,0 

0,0 

0. 

z 

14,09 

0.0 

0,0 

0,0 

0. 

3 

20,48 

0.0 

0,0 

0,0 

0. 

* 

2  9,61 

0,0 

0.0 

o.o 

0. 

5 

38,65 

0,0 

0,0 

0,0 

0. 

6 

42.91 

-0,0697 

-O.al 

-0,4! 

-656, 

7 

51,64 

-0,2366 

-1,31 

-1.29 

-965, 

8 

57,19 

-0.229J 

-2,02 

•1,98 

•1296. 

9 

69,40 

-0,2256 

-3,01 

-2,92 

•1304, 

10 

70,74 

•0,1915 

•3,66 

-3,55 

•984, 

11 

76,51 

-0,2754 

•  3,66 

•  3,72 

•218, 

12 

86,82 

•0,1216 

•4,82 

-4,60 

•1069, 

13 

91,70 

•0,0501 

•  4,93 

•  4,70 

•192, 

14 

96.22 

0,0541 

•  4,87 

■  4,65 

77. 

IS 

103.00 

0,1335 

-4,55 

-4,35 

621, 

18 

107,64 

0,1743 

•  4,29 

•4.12 

482. 

17 

115,29 

0,1999 

-3,69 

-3,55 

IS4, 

18 

122. T3 

0,2757 

•2.76 

•2,69 

1162. 

19 

132,05 

0.4195 

•  1,20 

•  I, 19 

1613. 

20 

138,46 

0.1923 

-0,26 

•0,26 

1446, 

21 

143.84 

-0,0755 

-0,22 

-0,21 

M, 

22 

153.61 

0,0384 

-0,19 

-0,38 

•  170, 

21 

157,76 

0.09U 

-0,40 

-0,40 

•37  , 

2« 

166.82 

•0.0731 

•0,29 

-0,29 

12«. 

25 

173,96 

•0,1035 

-0,15 

-0,15 

166, 

2* 

182,13 

0.1294 

•  0-,  69 

-0,09 

72. 

27 

189,65 

0,0416 

0,11 

0,11 

27«. 

28 

195,65 

0.0429 

-0,01 

•0,01 

-205, 

29 

200,61 

0,1294 

0,06 

0,08 

160, 

10 

205,53 

0,1030 

0.04 

0,04 

•73. 

It 

210,38 

-0,0309 

0,11 

0,11 

137, 

12 

219.11 

•0,0795 

0,16 

0,18 

62. 

11 

226,26 

-0,1118 

0,44 

0,45 

362, 

14 

233.78 

-0,1350 

0,82 

0,83 

506, 

IS 

241,84 

-0,1576 

1,31 

1.33 

620, 

18 

2«7,26 

-0,1871 

1.58 

1.61 

517, 

CONTENTS* 


Appendix  Table  6.16  Results  of  test  LS2-21 


LEX  A*  SE»IES  2  •  TEST  HU*BER  21  (LS2-21).  8/  */7l 


STRIKER  VELOCITY  (ET/3EC )  *  527,2 

STRIKER  LENGTH  (In)  *  6,000 

TARGET  LENGTH  (In)  a  2,904 

GRATING  OISTANCE  f  RUN  Impact  (IN)  a  1,182 

GRATING  LENGTH  (IN)  a  0,0177 

AMBIENT  TEMPtRATuRt  (DEG  F )  *  71,0 

RESIOUAL  STRAJh  APPRiJX,  H VE  "IN,  AFTER  TEST  (X)  a  .9,71 


DATA 

POINT 

Tint 

(MICSEC) 

SURE,  ROT, 
(DECREES) 

EUL.  STRAIN 
(PERCENT) ' 

LAG,  STRAIN 
(PERCENT) 

AVG,  STRAIN 
RATFtSEC-l) 

1 

0,0 

0,0 

0,0 

0.0 

0. 

2 

3. 55 

0,0 

0.0 

0.0 

0. 

3 

12,25 

0.0 

0,0 

0.0 

o. 

4 

23.40 

•0,4/80 

-1,68 

•  1,65 

•1483, 

5 

12,03 

-0,4621 

-3,23 

-3.13 

-1710, 

6 

36,92 

-0 ,4252 

-4,15  • 

•  4,17 

-2138, 

7 

39,85 

-0,3678 

-4,89 

•4,66 

-1667, 

ft 

44,44 

-0.3497 

-5.47 

-5,14 

•1141, 

* 

51,42 

-0,2960 

-6,23 

•5,87 

-976, 

10 

70.59 

•0,2229 

•  7,46 

-6,90 

•  558, 

It 

72,95 

•0,1/71 

-7,75 

-7,14 

•1064, 

12 

74,94 

•0 , 1 449 

•7,95 

-7,37 

-891, 

IS 

*0  •  32 

-0 , t  067 

•8,53 

-7,86 

-916, 

14 

68,03 

-0,0292 

-9.23 

•  8,45 

*767. 

15 

47,50 

0,0345 

-10,22 

•4,27 

-867, 

1* 

104,03 

0,0/24 

-11.33 

-10.16 

-786, 

17 

115,10 

0,0873 

-12,05 

-10,75 

-943, 

1« 

138.69 

-0,0033 

-14,23 

-12,45 

-722, 

l« 

1*1,13 

0,0008 

•14,33 

-12,54 

•  317, 

20 

146,02 

•0,0298 

-14,79 

•12,89 

•717, 

21 

144.45 

•0,0587 

-I5,l« 

•13,15 

-766, 

22 

1*1.86 

•0,0701 

•15,31 

•13,26 

•538, 

2) 

162,05 

•0,1562 

•16,30 

-14,01 

-721, 

24 

166,02 

-0,1736 

•16,73 

-14,33 

•794, 

25 

167,74 

-0,208a 

•16,91 

-14,46 

•  740, 

26 

172.44 

-0,2555 

-17,34 

-14,78 

•665, 

27 

177,47 

•0,1074 

-17,90 

•15,18 

*799, 

2ft 

183,16 

-0,3900 

-18,58 

•15,67 

•858, 

2* 

186,18 

-0,4035 

-19,09 

•16,03 

-1202, 

30 

142,55 

-0,5146 

-19,74 

*16,5? 

•  765, 

31 

145,44 

-0,4946 

-14,74 

•16,52 

•1*. 

32 

144,73 

•0,6079 

-20,66 

•17,12 

•1424, 

33 

204,16 

-0.6691 

-21,34 

-17,59 

•1045, 

34 

209,05 

-0.8031 

-22,31 

-38,24 

•1331. 

35 

211.49 

-0.8360 

-22,41 

•18,31 

•244, 

36 

218. *7 

-0,9040 

-23,00 

-18,70 

•IJ04, 

37 

217,29 

-0,9430 

-23.15 

•18,80 

-341, 

3ft 

226,30 

-1.1585 

-24,16 

-19,46 

•734, 

COHMENTS-SRECIMEN  GLUED  TO  A  |5  INCH  STEEL  8ACM*UP  «AR 


Appendix  Table  6.17  Results  of  test  LS2-22 


SERIE  3  2  •  TEST  NUMBER  22  (132*22),  A/  6/71 


STRIKER  VELOCITY  (FT/SEC)  ■  537,2 

STRIKE*  LEnCTh  (jn)  a  0,996 
UHCtT  LENGTH  (IN)  a  2,899 

6K6TIN5  01 S T ANC  t  FRU*  IhPACT  (IN)  a  2,135 
6*»*TIN&  LENGTH  (IN)  a  0,0139 
AHBlfcNT  TEhPERATuRE  (DEG  F)  a  72,0 

RESIDU41  STRAIN  APPROX,  F I WC  *IN,  AFTER  TEST  (*)  a  0,0 


DATA 

POINT 

IIHE 

CfMCSEC) 

Surf ,  rut, 
(DECREES) 

EUL,  STRAIN 
(PERCENT) 

LAG,  STRAIN 
(PERCENT) 

Avr,,  strain 
RATE(5EC-1 ) 

1 

0.0 

0,0 

0,0 

0.0 

0. 

2 

9,70 

0,0 

0.0 

0,0 

o. 

5 

4.36 

0,0 

0,0 

0,0 

0. 

« 

11.45 

0.0 

0.0 

0,0 

o. 

5 

15.43 

0,0 

0,0 

0,0 

0. 

6 

16, 95 

0.0 

0,0  * 

0,0 

0. 

7 

39,30 

-0,1961 

•  1,01 

-1,00 

•  649, 

a 

39,00 

-0,3496 

•  1,73 

-1,70 

-1505, 

9 

94,20 

-0.2950 

-2,68 

-2,61 

•1740, 

10 

52,87 

-0,2210 

•  4,32 

-4,15 

-1774, 

11 

*1,14 

-0,0098 

•  6,03 

-5,64 

•1858, 

12 

49,67 

0,2742 

•6.80 

•6.37 

-1942. 

13 

70.02 

0,4759 

•  8,00 

•7,41 

•1942, 

19 

77,89 

0,9453 

-9.19 

•8,42 

-1287, 

15 

89,54 

1,3612 

•  9,95 

•9,05 

•950, 

16 

42,98 

1.7377 

-10,t2 

*9,19 

•161, 

17 

tOO. 08 

1.8353 

-9,80 

-8,93 

369, 

1« 

110,74 

1,8269 

•8,71 

-8,01 

861  , 

1* 

118,88 

1,8181 

-7,65 

-7,11 

1107, 

20 

130.9) 

1.5659 

-5,88 

-5.55 

1295. 

21 

135,15 

1,4615 

-5,18 

-4,92 

1461, 

22 

149,13 

1,2153 

•  3,94 

-3,79 

1263, 

23 

159,35 

0,6840 

-2.50 

•  2,44 

1322, 

29 

162,46 

0,4018 

-1,49 

•1,67 

896, 

25 

171,25 

0,1414 

•  1,33 

•1,31 

425, 

29 

177,90 

0.1610 

-0,92 

•  0,91 

604, 

27 

181,99 

0.0958 

•0,53 

•0,51 

944, 

28 

187.81 

0,026$ 

•  0,11 

-0,11 

709, 

29 

197.53 

-0,0214 

0,68 

0,69 

823, 

30 

204.4$ 

-0,0365 

1.21 

1,22 

775, 

31 

212.28 

-0.0697 

1.60 

1.63 

517, 

32 

220.80 

-0,0144 

1.32 

1.34 

-344, 

33 

228,13 

-0,0234 

0,67 

0.68 

-899, 

34 

233.10 

-0.0549 

0,19 

0.19 

-986, 

35 

239.06 

-0,0377 

•  0.42 

•0,42 

•1019, 

34 

243,60 

0,1627 

-0,69 

-0,68 

•560. 

37 

246.85 

0,0377 

•  0,81 

•  0,82 

-428. 

CQhhcnTS-SPELINEh  CIUEO  TO  A  IS  INCH  STEft  BACK-UP  BAR 


Appendix  Table  6.18  Results  of  test  LS2-23 

ItltN  SEME!  2  •  TEST  NUNSER  Z*  (LS2*Z3),  0/19/71 


SThHEH  VELOCITY  CFT/SEC)  ■  5<|1,6 

STRIKER  LENGTH  (IN)  a  1,000 

TARGET  LENGTH  (In)  •  2.899 

GRATING  OISTANCE  FRO*  IMPACT  (In)  «  2,151 

GRATING  LENGTH  (IN)  *  0,0154 

AH8IENT  T£MPt«ATURE  (DEG  F )  ■  72,0 

RESIDUAL  STRAIN  APPRO*.  FIVE  M I N ,  AFTF«  TEST  (t)  *  0,0 


OATA 

POINT 

TIME 

(NIC3EC) 

SURF,  ROT, 
(DEGREES) 

EUL,  STRAIN 
(PERCENT) 

LAG,  STRAIN 
(PERCENT) 

AVG,  STRAIN 
RATE(SEC-l) 

! 

0.0 

0.0 

0,0 

0,0 

0. 

2 

2,18 

0,0 

0.0 

0,0 

0. 

S 

8,05 

0,0 

0.0 

0,0 

0, 

A 

15,19 

0.0 

0,0 

0,0 

0. 

S 

17,75 

0,0 

0,0 

0,0 

0. 

A 

25,99 

0,0 

0,0  . 

0,0 

0. 

7 

29,73 

0,0 

0,0 

0,0 

0, 

• 

15,01 

0,0184 

0,04 

0,04 

43. 

* 

44,19 

•0,1081 

*0,88 

-0,87 

-tool. 

10 

52.05 

-0.1005 

-2.19 

-2,14 

-1617, 

11 

54,40 

-0,1040 

-2,09 

•  2,62 

•19S7, 

12 

01,80 

•0,2401 

-4.12 

*3,95 

•1808, 

13 

05,45 

-0,1173 

*4,80 

-4,58 

-1740, 

1* 

08,40 

0,0120 

•5,57 

-5,27 

•1473, 

IS 

70,25 

0,2541 

-7.11 

*6,65 

-1*92, 

10 

82,43 

0,5274 

-8.42 

*7,77 

•1809, 

IT 

05,37 

0,0381 

•8,80 

*8,09 

•1089, 

la 

89,91 

0,9540 

•  9,«B 

-8,06 

•1202, 

10 

97,00 

1.1428 

*10,04 

•9,12 

*644, 

20 

104,74 

1,7915 

-10,20 

-9,25 

*164, 

21 

110,90 

1,8972 

-9,99 

*9,08 

284, 

22 

117.12 

2,0158 

-9,47 

*8,65 

685, 

23 

131,95 

1,9940 

-7,45 

•  6,93 

1022, 

2« 

141,77 

1,8744 

•0,53 

*6,11 

1028. 

25 

145,78 

1,0934 

*5,95 

*5,o| 

1287, 

20 

152,70 

1,0207 

-4,88 

-4,05 

1375, 

27 

158,22 

1,1758 

-4,03 

-3,87 

1428, 

20 

101,45 

1,0248 

-3.17 

-3,07 

1540, 

20 

105.41 

0,8709 

-2,80 

•  2,7* 

1377, 

30 

172,07 

0,4970 

-1.98 

-1.94 

1284, 

31 

180,81 

0.291J 

•1,18 

•1,10 

658, 

32 

184,17 

0,2738 

-1,18 

-1,17 

574, 

13 

188,80 

0,1533 

-0,90 

•0,89 

594, 

3« 

192,20 

0,4011 

-0,01 

-0,01 

832, 

IS 

201,23 

0.2578 

0,07 

0,07 

758. 

30 

228,43 

0.2054 

1.41 

1,43 

489, 

37 

240.08 

0,0571 

-0,74 

-0,71 

•1218, 

CQHHfcNT 3-SPEC IH£N  GLUED  TO  A  13  INCH  STEEL  BA«;rEC(JRO  STARTS  10 
H2C SEC  TOO  SOON. 


Appendix  Table  6.19  Results  of  test  LS2-24 
lEXAN  SERIES  2  -  TEST  NU«HER  24  <LS2*24),  8/11/71 


STR1«E»  VELOCITY  (FT/SEC)  *  $41,4 

STRIKER  LE^CTm  (M  *  4,005 

TARGE T  lEnGTh  (In)  *  *,000 

GRAflNG  OISTiNCC  FRO*  1-paCT  (1*0  ■  1,516 

GRATING  tENGlH  (IN)  a  0.0264 

AHBIENT  TEMPERATURE  (DEG  FJ  «  72,0 


RESIDUAL  STRAIN 

APPROX,  FIVE  KIN,  AFTER 

TEST  (X) 

a  0,0 

OATA 

TIME 

surf,  rut. 

E'Jl,  STRAIN  (.AG,  strain 

4VG.  STRAIN 

POINT 

(UlCStC) 

(0EGREE3) 

(PERCENT) 

(PERCENT) 

RAT£(3EC-1> 

1 

0,0 

0.0 

0,0 

0,0 

6. 

2 

5.21 

0.0 

0,0 

0,0 

0. 

3 

10.  57 

0.0 

0,0 

0,0 

«. 

« 

16.26 

0.0 

0,0 

0.0 

®  t 

5 

18,74 

-0,1932 

-0,43 

-0,45 

•1735, 

* 

23,64 

-0.2926 

-0,96  • 

-0 ,93 

•1071, 

7 

28,86 

-0,1«80 

•1,96 

-1,93 

•1858, 

S 

34,59 

-0,4553 

*2.99 

-2.91 

•1713. 

* 

42,49 

-0.3703 

•4,8! 

-4,59 

•2132. 

10 

49,13 

-0.3541 

•S,55 

•  5,26 

•1002. 

tl 

$3,18 

•0.2757 

-5,95 

•5.62 

•686. 

12 

56,42 

-0,2595 

•  6,26 

-5,89 

-860, 

13 

59,06 

-0.2769 

•  6,49 

•6,10 

-767, 

1« 

64,66 

-0.2510 

•6,97 

•  6,52 

•440  , 

15 

75,82 

-0.2623 

*7,37 

•  6,87 

-4B5, 

1* 

81,50 

•  0.2718 

•  7,57 

•7 ,04 

•  305. 

17 

87,42 

-0.2963 

•  7,75 

•  7,20 

-265. 

IS 

95.93 

*0,3123 

*8,04 

*7,04 

-291. 

10 

102.77 

-0,3287 

•8,17 

-7,55 

•  161, 

20 

112,39 

-0,3767 

•8,«3 

•7,76 

-234, 

21 

119,14 

-0,4065 

-8,58 

-7,90 

-184. 

22 

124,26 

-0,4206 

*8,67 

-7,98 

-151. 

21 

131.IT 

•  0.4546 

-8,87 

-6,15 

•2*0. 

24 

144.42 

•  0,5000 

•9,07 

-8,31 

-128. 

25 

152,09 

-0,5573 

*9,12 

*8,35 

-SI, 

2* 

157,20 

-0,5818 

*9,09 

•8,33 

4S, 

27 

165.1* 

-0.6382 

•9,0  4 

-H  ,29 

55. 

28 

172,97 

-0.6892 

•  6,79 

•  8,08 

266, 

24 

174.42 

-0.7302 

-8,47 

-7,81 

413. 

30 

183,51 

•0,77*9 

-8.13 

-7,5? 

706. 

31 

189.23 

•0.81*1 

-7,60 

-7,06 

806. 

32 

193.70 

•0,8575 

-7,09 

-6,62 

995, 

33 

148.32 

•0,8955 

•6,61 

-6,20 

906. 

3« 

204.73 

-0.4307 

•5,76 

•S.44 

1176. 

35 

213,44 

-0.9623 

•  4,46 

*4,27 

1353, 

3* 

220.12 

•0,4920 

•  3,37 

•3.26 

1502, 

37 

236,80 

•1,1350 

0,46 

0,46 

2234. 

C0n*£nT3-RESHUT 

OF  TARGET 

USED  IN  US2-6 

.tioiin  impact  , 

Appendix  Table  6.20  Results  of  test  LS2-25 


SERIES  2  -  TEST  RUR8C R  25  CL82-25),  8/11/71 


STRIKER  VELOCITY  (FT/SEC)  «  5«9.9 

STRIKER  LENGTH  UN)  >  «,005 

TARGET  LENGTH  C I m i  ■  5,99a 

&RATIN&  DISTANCE  F ROW  IMPACT  (In)  *  1.525 

GRATING  LENGTH  UN)  «  0,022a 

ANBItNT  T£HPtRATu»F  (OtG  f )  «  72.0 

RESIDUAL  STRAIN  APPRO*.  FIVE  *1*.  AFTER  TF ST  (*)  «  0,0 


DATA 

RUINT 

TINE 

(f<ICStC  ) 

surf,  rot. 

(DEGREES) 

EUl,  STRAIN 
(PERCE.NT) 

LAG,  STRAIN 
(PERCENT) 

AVG,  STRAIN 
RATE(S£C-1) 

1 

0,0 

0,0 

0.0 

0,0 

0. 

2 

5.76 

0.0 

0.0 

0,0 

0. 

3 

9,0<* 

0,0 

0.0 

0,0 

0. 

a 

12.17 

0.0 

0.0 

0,0 

0. 

5 

15,38 

0,0 

0.0 

0.0 

0. 

■  * 

17,59 

-0,002/ 

•0,06  ‘ 

-0,06 

•279, 

7 

22. 9« 

-0.1674 

•  0,36 

-0,36 

-559, 

B 

28.55 

-0.4199 

-1.51 

*1.29 

-1656, 

4 

1«. 75 

-0,3454 

-2.27 

-2.22 

*1503. 

10 

16,43 

-0.4705 

-3.01 

-2,91 

*1908, 

1! 

42,93 

-0 ,4054 

-4,12 

•1,96 

•2287, 

12 

48,43 

-0.3457 

-5,16 

•  4,91 

-1733, 

11 

54,0a 

-0,3537 

-5,67 

-S.37 

-825. 

l* 

SB. 94 

-0,2973 

•6,01 

-5,48 

•1083, 

15 

BO, BO 

-0,2435 

-6,37 

-5,98 

-620, 

16 

45.49 

-0.2825 

•4,68 

•6,26 

-571. 

17 

71.21 

•0,2392 

•  7,00 

•4,54 

•  492, 

18 

84,41 

-0,2451 

-7,58 

-7,05 

-375, 

It 

86,04 

-0.2824 

•  7,78 

-7.22 

•  440, 

20 

41,47 

-0.2723 

•  7,87 

-7,29 

-239. 

21 

41,41 

•0,2694 

•  7,90 

•7,35 

-305. 

22 

100.79 

-0.2991 

-8,21 

•  7,59 

-325. 

21 

112,19 

•0,3328 

•8,51 

•  7.84 

-219. 

2« 

117,92 

-0.1584 

•8.75 

•  8.05 

-378, 

25 

125,25 

-0, 1787 

•  8.B8 

•8,14 

-146, 

2* 

137,54 

•0.4292 

•9.17 

-8,40 

-201, 

27 

140.12 

-0,4545 

-9,24 

•8,44 

-212. 

26 

151,58 

•0.5076 

-9,44 

•  8,63 

-149, 

29 

157,44 

•0.5361 

*9,47 

•8,45 

•36, 

10 

159,52 

-0,5199 

*9,47 

-8,45 

•7. 

11 

144,74 

-0,5789 

-9,43 

•8,62 

V. 

12 

173,49 

-0.614B 

-9.28 

-8,49 

182. 

,31 

181.80 

-0.6688 

-8.90 

-8,17 

368, 

1« 

190,81 

-0,7471 

-7,98 

-7,39 

663, 

15 

194.71 

-0.7985 

•  7,14 

•4,84 

944. 

IB 

205.58 

•0.8486 

•6,22 

.  -5,85 

1112. 

17 

224,42 

•0.9494 

-1.24 

-3,14 

1426, 

16 

229,19 

-1,0071 

-2.39 

-2,13 

1684. 

19 

235,00 

-1,0606 

-1.13 

•1,11 

2176, 

40 

245.19 

-0.9722 

1,41 

1.4J 

2496. 

«1 

249,20 

•0.8049 

2.11 

2,16 

1810, 

CO-nENTS-RES-DT  n F  T*R(.ET  USED  IN  LS2-5 


Appendix  Table  6.21  Results  of  test  LS2-26 
if IAN  lt*If 3  2  •  TEST  NUMSEft  24  (LS2*26)»  */l2/7| 


ST«l«e«  velocitt  (rr/sto  ■  sii.4 

3tR!*t»  LE-CTm  (IN)  ■  3,995 
TARGET  U**Tn  < Z**3  ■  5,99% 

CRATING  DISTANCE  E*0«  IMPACT  (IN)  ■  !,527 
6® * T 1 ng  length  (IN)  *  0.0260 
AHflENT  TEMPERATURE  (DEC  F )  ■  72,0 

IIEIIDUAL  8TRAIN  aPPRUX,  riwE  HlN,  AFTER  TEST  (X)  ■  0,0 


DATA 

POINT 

TI-E 

(f*ICSEC  ) 

SuR»,  POT , 
(DECREES) 

EUL.  STRAIN 
(PERCENT) 

LAC,  STRAIN 
(PERCENT) 

ARC,  STRAIN 
RATF (SEC-1 ) 

1 

0.0 

0,0 

0,0 

0,0 

o. 

2 

4,22 

0,0 

0,0 

0,0 

6. 

3 

6.2a 

0.0 

0,0 

0,0 

O, 

• 

11,19 

0.0 

0,0 

0.0 

0, 

5 

16,52 

0.0 

0,0 

O.o 

8. 

* 

20,aa 

•0.0470 

•0,14  • 

-0,14 

-354. 

1 

24,95 

-0.3820 

-1,13 

-1,12 

-2176, 

6 

29.04 

-0,5423 

-1,77 

-1,73 

•1504, 

9 

51.49 

-0,1094 

-2,33 

-2,27 

•1887. 

to 

14. 94 

•0,4491 

-2,83 

•2,76 

•1567, 

11 

40,04 

•0.1801 

•  4,04 

-3,00 

•2221, 

12 

52.41 

•0,3054 

-5,73 

-5,42 

*1245. 

1* 

54.7/ 

-0,2712 

•  6,10 

-5,91 

-790, 

I* 

61,05 

-0.2773 

•6,40 

-6,09 

•  708, 

IS 

66.54 

-0.2309 

-6,69 

-6,27 

-115, 

1* 

71.00 

-0,2557 

•  6,84 

-6,41 

-274, 

17 

76.04 

-0,2452 

-7.21 

•  6,73 

-681. 

ti 

82,90 

•0.2820 

-7,43 

•6,92 

-279, 

IP 

94.58 

•0,2907 

•  7,01 

-7,25 

-204, 

20 

94,26 

•0,1003 

•  7,97 

•  7,39 

-295. 

21 

101.0) 

-0,3029 

-0,0  3 

•  7,43 

•279, 

22 

107.45 

-0,3247 

•  0,12 

•  7,51 

•118. 

25 

115,25 

•0,5450 

•  8,24 

•7,61 

•179, 

20 

117,84 

•0.3694 

•0,39 

•7,74 

-269, 

25 

129.79 

-0,4161 

•0,66 

-7,97 

-197. 

2* 

142.84 

•0,4640 

•0,95 

•8,22 

•  187, 

27 

146.84 

-0,4819 

•  8,97 

•  8,23 

•  40, 

28 

147,90 

•0.4863 

•0.87 

•0.15 

776. 

29 

155.25 

-0,5234 

•  0,99 

•  0,25 

•  165, 

59 

155.40 

-0,5315 

•9,04 

•0.29 

•  152, 

51 

161.72 

*0,5696 

•0,93 

•  8,20 

152. 

52 

171.16 

•0,6365 

-0,73 

•6,03 

162. 

55 

175.99 

•0.6542 

-0.40 

-7,82 

•56, 

54 

179.49 

-0,6876 

•0,29 

•7,65 

•  79. 

55 

185.57 

•0.7438 

•  7,95 

•  7,57 

690, 

54 

195.50 

-0,0190 

•6  #68 

-6,44 

910. 

57 

148.85 

-0,8575 

•6,22 

-5,06 

1088. 

59 

205,58 

-0,0877 

•5,39 

-5,11 

1137. 

5* 

212.04 

•0,9055 

•4  ,«S 

-4,26 

1272. 

49 

251.22 

•  1.0077 

•  0,02 

-0,01 

1001, 

•  1 

235.20 

-1.0995 

-0,33 

-0,32 

2052. 

42 

234.64 

-T,!028 

0,07 

0,07 

2700, 

45 

256.12 

■  ,,09fc9 

0,43 

0,43 

2169, 

44 

248.46 

-0.72*7 

2,54 

2,60 

1769. 

COMMENTS 


Appendix  Table  6.22  Results  of  test  LS2-27 

LClON  SERIES  2  •  TEST  Nu*Htk  27  (LS2-27),  8/15/71 


fTMlKfcH  VEL0CIT7  (F T/3tC)  «  541,8 

$T*I«ER  LENGTH  U»)  •  0,996 

M«CfcT  LENGTH  UN)  ■  5, 993 

6NAT1NC  01  STANCE  FRUN  Impact  (In)  •  1,517 

C4ATINC  LENGTH  (In)  «  8, 0201 

AHdlfc NT*  TEH»»t«*Tu»t  (OEG  F)  m  72,0 

*fcS!0U*L  STH4JN  APPRUK.HVt  HIN,  AFTH*  TFST  (t)  *  0.0 

04! 4  TINE  SURF,  NOT,  tUL,  STH4 1 N  LAG,  STRAIN  4 VC,  STRAIN 


POINT 

(HlCSfcC) 

(DEGREES)  ’ 

(PERCENT) 

(PENCENt) 

«ATE(SeC- 

1 

0.0 

0,0 

0,0 

0,0 

0. 

i 

5,60 

0.0 

0,0 

0.0 

o. 

i 

9,86 

0,0 

0,0 

0,0 

0. 

4 

15,91 

0.0 

0,0 

0,0 

8. 

5 

18,16 

-0.0692 

-0,22 

-0,22 

-990. 

8 

24,98 

•0.4257 

-1,56 

•1,54 

•1928, 

7 

11,64 

•0,4460 

-2,68 

•  2,61 

•  1606, 

8 

36,63 

-0,4214 

-3,86 

•3.7? 

-2212. 

« 

38,49 

-0,4122 

•4,17 

-4,00 

-1498, 

10 

49.53 

•0,3671 

•  5,60 

-5,30 

-1180, 

11 

55,63 

-0 , 222a 

•5,96 

-5,62 

-527, 

12 

63,62 

-0,0611 

•5,86 

•  S,S4 

109, 

ll 

70,44 

0.0432 

•?,  36 

-5,09 

652, 

14 

76,60 

0,1094 

•  4,75 

•  4,53 

906, 

*5 

86,27 

0.1178 

•  3,40 

•  3,29 

1282, 

1* 

88,48 

0,1696 

•  3,09 

-2.99 

1155, 

17 

103.45 

0.0904 

-0,71 

-0,71 

1528, 

18 

113,99 

•0,2877 

0,15 

0,15 

610, 

14 

117,00 

-0,1522 

0.21 

0,22 

226, 

20 

121,00 

•0,0704 

0.27 

0,27 

142, 

21 

125,19 

0,0093 

0.15 

0,15 

-279, 

22 

134,97 

-0,0345 

0.04 

0,04 

-116, 

21 

144,56 

0.0970 

•  0,05 

•  0,0S 

•98, 

24 

153,66 

•0.1059 

0,08 

0,08 

152, 

25 

165,28 

•0,0729 

0,22 

0,2? 

114. 

2* 

172.0? 

-0,1610 

0.40 

0,41 

280, 

27 

173,69 

-0,1489 

0,33 

0,34 

-412, 

28 

180.43 

•0,2092 

0.38 

0,19 

75. 

24 

183,17 

-0,2128 

0.54 

0,55 

589, 

30 

186.94 

-0,2217 

0,57 

0,58 

77. 

31 

193,18 

-0.2744 

0,95 

0,96 

613. 

32 

198,02 

•0,2722 

1,29 

1.10 

T10, 

81 

200,64 

•0,2984 

1.01 

1,44 

473, 

34 

206,47 

•0,3260 

t  ,74 

1.77 

591, 

85 

217,70 

•0,2991 

2,44 

2.51 

655, 

14 

229.13 

•0.3105 

2,88 

2.97 

407, 

37 

239,86 

-0,2866 

3,03 

1,1? 

139, 

38 

251,17 

-0,3022 

2,65 

2,72 

•  353, 

COWMEN  T  5- 


Appendix  Table  6.23  Results  of  test  LS2-28 

IfXAN  SEHlES  2  *  TEST  NUMBER  28  (132*28)#  8/16/71 


STHUER  VELOCITY  (FT/SEC)  »  5*8,8 

STHl<£H  LENGTH  (IN)  ■  5.995 

TARGET  LENGTH  (In)  s  7,998 

CRATING  OISTAnCE  FROH  IMPACT  (In)  ■  2,981 

(HATING  LENGTH  (IN)  ■  0,0267 

AHB IfcN T  IEHPEHATUHC  (OEG  F)  a  72,0 

HESIOUAL  STRAIN  aPPMOX,  FIVE  NIN,  AFTFH  TEST  (X)  ■  0,0 


DATA 

POINT 

TIME 

(M1CIEC) 

SU«F,  »OT, 
(OEGREES) 

EUL,  STRAIN 
(PERCENT) 

LAG,  STRAIN 
(PERCENT) 

AVG,  STRAIN 
HATE(SK*1 ) 

I 

0,0 

0,0 

0,0 

0,0 

0. 

a 

1,26 

0,0 

0.0 

0,0 

0, 

1 

8.97 

0,0 

0,0 

0,0 

o. 

« 

15.81 

0.0 

0,0 

0,0 

0 . 

5 

19. IS 

0.0 

0,0 

0,0 

0, 

6 

22.75 

0.0 

0,0  • 

0,0 

0. 

7 

27.22 

0.0 

0,0 

0,0 

0, 

• 

12.26 

0.0 

0,0 

0.0 

0  « 

* 

57.75 

-0.0765 

*0,06 

-0 , 06 

•  109, 

18 

00.12 

0,0052 

•  0,05 

*0,03 

122. 

It 

86,27 

*0,1866 

•  0,68 

•  0,68 

•969  * 

12 

51.88 

-0,2786 

-1,38 

-1,32 

•1223, 

IS 

5«,26 

•0,2951 

-1.55 

-1,52 

•821, 

1« 

59,25 

-0,2745 

•2,85 

-2,39 

•1756, 

IS 

82.91 

-0.2392 

•  5,00 

•2,92 

•1827, 

1* 

88,86 

-0,2806 

•  3,18 

•3,08 

-640, 

17 

89,55 

-0,2261 

•  S,  75 

•3,61 

•1150, 

18 

75.18 

•0,2061 

•  4,18 

•  5.97 

•1001, 

!• 

78,18 

-0,2217 

•4,b2 

-9,81 

•  886, 

28 

81,77 

-0,1685 

•8,91 

•  8,68 

•726, 

21 

89,79 

•0,1762 

•9,19 

-5,11 

-588, 

22 

92,89 

-0,1889 

-5.57 

-5.27 

-561, 

2S 

100,86 

•0,1586 

*6,01 

•5,67 

-863, 

2« 

108.56 

•0,1505 

-6,  10 

•5,75 

*228, 

25 

108.19 

-0.1S17 

•6,23 

•5.87 

-118. 

28 

115,98 

-0,1518 

-6,57 

•6,17 

-369, 

27 

118.86 

-0.1577 

•6,65 

•  6,28 

•^81 1 

28 

122.77 

-0.1516 

•6,6  0 

•  6,16 

-292, 

29 

127.01 

-0.1875 

•6,91 

•6,87 

•259  , 

18 

ISO. 18 

-0, 1 878 

•6,96 

•6,50 

-119. 

SI 

1 55,25 

-0.1519 

•  7,18 

-6,70 

•  385, 

12 

182,87 

-0.1611 

-7.37 

-6,87 

-234, 

5S 

151.75 

-0,1631 

-7.58 

-7,05 

-195, 

S» 

119,27 

•0.1826 

•7,78 

•7,19 

•182, 

IS 

187,87 

•0.1880 

•  7,67 

*7,30 

-138, 

1* 

170.91 

•0,1758 

•  7  ,'9  3 

•7,35 

*150, 

ir 

178,71 

•0.1590 

-7,90 

•  7,33 

59. 

18 

180.15 

•0,1815 

-7.98 

-7,36 

-57, 

19 

187.55 

•  0,1015 

-7,75 

-7,19 

225, 

•  O 

195.J9 

-0.0547 

-7,61 

-7,08 

196, 

81 

200,81 

-0,0940 

-7.27 

-6,78 

512. 

82 

208.95 

•0.0289 

-7,00 

-6 ,58 

S78. 

81 

217.85 

-0,0025 

-6,22 

•  5,86 

♦  27. 

M 

225.92 

-0,0067 

-5,56 

-5.27 

729, 

85 

258,66 

0,0089 

•  8,78 

•8,53 

889, 

88 

248,28 

•0,0006 

•  5,70 

•5.57 

997. 
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Appendix  Table  6.24  Results  of  test  LS2-29 

LClAN  SERIES  2  •  Test  NUMBER  29  CL  f  9/H/U 


ST«!«E«  VELOCITY  (FT/SEC)  ■  5a3.9 

STRIKE*  LENGTH  UN)  *  5,982 

TARGET  LENGTH  (In)  •  7,988 

GRATING  DISTANCE  FRUH  IMPACT  (IN)  ■  3,0*3 

GRATING  LENGTH  UN)  >  0,0177 

ANGIENT  TEMPERATURE  (OEG  F)  a  72,0 

RESIDUAL  STRAIN  APPRO*,  FlYC  HiN,  AFTER  TEST  (*)  * 


0,0 


PATA  TIME  Surf,  ROT, 
POINT  (MCSEC)  (DECREES) 


1 

0,0 

0.0 

i 

4.72 

0.0 

A 

7.81 

0.0 

• 

12,04 

0,0 

5 

19.14 

0,0 

* 

30,75 

0,0 

7 

41,44 

0,0071 

• 

*8,2) 

-0,126*. 

♦ 

55.05 

-0,2857 

10 

41,21 

-0,2591 

11 

*8.92 

-0,2479 

12 

70,84 

•0.233) 

IS 

76.64 

•0,2272 

1« 

*5.49 

-0,1976 

15 

66,65 

•0.2000 

1* 

104.61 

•0.1819 

17 

110,45 

-0,1895 

IS 

117,99 

-0,1862 

19 

111,46 

-0,2291 

20 

115.14 

-0.2552 

21 

119,8* 

-0,2640 

22 

1*4,74 

-0,2895 

23 

151.96 

-0,3275 

2« 

154.11 

•0.3332 

25 

158.72 

-0,1286 

2* 

1*1.46 

•0.3206 

27 

171,60 

•0,3148 

2» 

178,61 

-0,2916 

29 

186,11 

-0,2557 

10 

169,62 

•0,244* 

11 

195,60 

*0,2172 

12 

202,10 

•0,2140 

SI 

205.05 

•0,2193 

14 

214,34 

-0,2)54 

15 

221. SI 

•0,227« 

1* 

228,71 

•0,2477 

17 

2)1.47 

-0.2570 

M 

236.78 

-0.2543 

19 

240.52 

-0.2554 

«9 

247,79 

•0.2839 

EUL,  STRAIN 
(PERCENT) 


LAG,  STRAIN 
(PERCENT) 


AVG,  STRAIN 
RAfE(SfC-t) 


0,0 

0,0 

o. 

0,0 

0,0 

o. 

0,0 

0,0 

0. 

0.0 

3,0 

0, 

0,0 

0.0 

o. 

0,0  . 

0,0 

0, 

•0,19 

-0.19 

•176, 

-0,82 

•0,*t 

-935, 

•1,64 

-1,62 

-116). 

•  1,08 

•2,99 

•1663. 

•  3,73 

•  3,60 

•1071, 

•  1,92 

-3,77 

-690. 

•  4,69 

•«,t* 

•90*. 

-5,18 

-4,93 

•656, 

-5,39 

•5,11 

-549, 

•  6,22 

•S,S6 

-468, 

•  6,40 

•  6,01 

-269, 

-6.75 

•6,33 

•*1 7, 

•MO 

•6,63 

-223, 

-7,26 

•4.7* 

•401. 

•  7,39 

-6,8* 

-223, 

•7  |s2 

•7,00 

•238, 

•  7,6! 

•  7,07 

•99, 

-7,79 

-7,23 

•712, 

-8.03 

-7.41 

•453, 

.7,9* 

-7,39 

*6. 

•6,28 

*7,65 

•31*. 

-8,21 

•7,58 

91, 

-8,28 

-7,65 

•  66. 

•A,30 

-7,66 

•  101, 

•  7,98 

•  7,39 

**7, 

•  7,55 

-7.02 

541, 

-7,37 

-6, *7 

557. 

-6,84 

•6,60 

497, 

•6,31 

•5,94 

*52, 

•5,66 

-5,35 

*09, 

•5,33 

•5,04 

609, 

—4,9* 

•4,70 

1081, 

•  4.54 

-4,34 

965, 

•  3.7* 

-3,65 

960, 

CONHtNYS 


Appendix  Table  6.25  Results  of  test  LS2-30 


LEXAn  .  SERIES  2  -  TEST  NUHHER  JO  (LS2-30),  «✓! «// J 


3T*I«ER  VELOCITY  (FT/SEC)  a  696,6 
STRIKER  LENGTH  (IN)  a  1,000 
7  *«CE  T  LEnGTh  (In)  a  5.740 
GRATING  DISTANCE  FRO*  IhPACT  (IN)  a  0.251 
CRATING  LENGTH  (IN)  *  0,0244 
AM0IENT  TEMPERATURE  (DEG  F )  a  72,0 

RESIDUAL  STRAIN  APPROX,  FIVE  HlN,  AFTER  TEST  (X)  a  -0,60 
DATA  TINE  3UBF,  ROT,  EUL,  STRAIN  LAG,  STRAIN  AVG,  STRAIN 


POINT 

(tMCSEC) 

(DEGRtES) 

(PEHCENT) 

(PfRCFNT) 

RATE (SEC-1) 

1 

0,0 

0,0 

0,0 

0,0 

0. 

2 

1.37 

•0.0331 

-0.15 

-0,15 

-1092, 

3 

2.59 

•0,0370 

-0.10 

-0,10 

-24T. 

4 

7,02 

-2.6175 

-5.9S 

-5,6! 

-12200, 

5 

9,76 

•2,0571 

•6,72 

-6,30 

-2496, 

6 

11,40 

-2,0404 

■7,54  • 

-7.01 

-4363, 

7 

12,74 

-2.9510 

-0,37 

•  7,73 

-53«7, 

a 

15,52 

•3.2200 

-9,04 

-8,96 

-4413, 

9 

10,23 

-3,4000 

-11.01 

-9,91 

-3522. 

10 

23,53 

-3,0240 

-13,46 

-11,07 

-36*4, 

11 

35,06 

-4,1129 

-15,24 

-13,23 

-1420, 

12 

30.40 

-4,0065 

-15,24 

-13,21 

1. 

15 

44,51 

-3.9900 

-15,37 

-13,12 

-158. 

14 

40,  74 

-3,0641 

•14,60 

-12,00 

1231. 

IS 

53,93 

-3,7641 

-13,53 

*11,92 

1711, 

16 

60,07 

-3.6075 

-12,30 

•11,02 

1466. 

17 

62, 2« 

-3.7196 

-11,90 

-10,70 

1«32. 

10 

60,57 

-i.0443 

-11,00 

-9,94 

1205, 

19 

74,90 

-4,021  1 

-9,92 

*9,02 

1449, 

20 

70,07 

-4,0640 

-9,56 

*0,72 

949, 

21 

01.57 

-4,2405 

-9,24 

•  0,46 

749, 

22 

64,70 

-4.2061 

-0,04 

-8.12 

1060. 

21 

90,60 

-4,4730 

•  0,29 

-7,66 

7  60, 

24 

14,43 

-4.5004 

-0,04 

*7,44 

6|0. 

25 

90.70 

-4,5544 

-7,  74 

*7,10 

597, 

26 

103,05 

-4,6039 

-7.32 

-6,02 

700, 

27 

100,30 

-4.7117 

•7,10 

•  6,63 

416. 

28 

111,36 

-4.6217 

•  6,64 

*6,22 

1  374, 

29 

123,26 

-4,4630 

-6,03 

-5,69 

453. 

30 

120,52 

•4,3616 

*5,50 

-5.29 

“755. 

31 

156,07 

-4,1935 

•5,20 

*4,94 

«12. 

32 

1*0.37 

-4,1219 

-4 ,09 

*4,67 

294. 

31 

152.32 

•4,0419 

•5,37 

•5.10 

-724. 

34 

161,62 

-3.0601 

-4,76 

-4.55 

591. 

35 

160,10 

-3.7745 

*4,53 

*4, 34 

310, 

36 

176,99 

-3,5375 

-4,28 

*4,10 

269. 

37 

106.79 

-3,1563 

-4.01 

•  3,05 

255, 

30 

190.70 

-3,3291 

-4,03 

-3,88 

-65. 

39 

192.74 

-3,3007 

-3,99 

*1,83 

166. 

40 

195.41 

*3.2003 

*3,94 

*3.79 

152. 

41 

200,29 

*3,2305 

•  3.72 

•  3,58 

433. 

42 

206,05 

-3,2016 

-3,51 

-3,39 

329. 

43 

214,56 

-3.3270 

•  3,10 

*3,09 

362, 

44 

227,07 

-3,1750 

•3,10 

•  3.00 

66, 

45 

243.05 

-2,9661 

-3,10 

*3.00 

-1. 
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Appendix  Table  6.26  Results  of  test  LS2-31 

t ,E*An  SERIES  2  -  TEST  NUMBER  3J  O.S2-3I),  8/18/71 


STRIKER  VELOCITY  (ET/S tC)  *  655.9 

STRIKER  LENGTH  (IN)  m  0.99B 

TARGET  LENGTH  (In)  *  5,9o5 

GRATING  0I3TANCE  F»>)H  Impact  (In)  ■  0,253 

CRATING  LENGTH  (IN)  •  0.0171 

ARBltNT  T£NPkRATu«E  (DEG  E )  *72.0 

RC310UAI.  STRAIN  APPRUX.  FIVE  *IN,  AFTER  TEST  (»)  «  -0,1* 

DATA  TIRE  SURF,  ROT,  COL.  STRAIN  LAG.  STRAIN  AVG.  STRAIN 


POINT 

(TTICSEC) 

(OEGREES)' 

(PERCENT) 

(PERCENT) 

RATEtSf C«i) 

1 

0.0 

0,0 

0,0 

0,0 

0. 

2 

0,95 

0,0 

0,0 

0,0 

0. 

1 

1.62 

-0,0459 

•  0,26 

•0,26 

•955, 

« 

6,40 

-1,9212 

-4,98 

•  4,74 

-15694, 

5 

8.08 

-2,2462 

-6,10 

•  5,75 

•6271, 

6 

11.88 

-2,7895 

-7,31  • 

-6,81 

-3135, 

7 

14.99 

•2,986a 

-8,79 

•  8,08 

-3614, 

8 

18.00 

-3.1385 

-10,46 

-9,47 

-4622, 

9 

20.61 

-3,4335 

•11,14 

•10,0? 

-2076, 

10 

30.19 

•1,7249 

•13.82 

-12,14 

-2170. 

11 

14,88 

-3,6267 

-11,65 

•12,01 

316, 

12 

82,10 

-3,4833 

-13,91 

•12,21 

*267, 

IS 

49.01 

•3,1065 

•13,18 

-11,80 

596, 

18 

52,32 

•3,2145 

-12,71 

-11,28 

1586. 

IS 

56,71 

•3.0431 

-11,52 

•10,33 

21«8, 

18 

59,51 

•2.9441 

-11,10 

•9,99 

1228, 

17 

64,68 

-3,0185 

-10,11 

•  9,18 

1574. 

18 

67.69 

-2,9817 

•  9,57 

*8,74 

1458. 

19 

71,57 

•3,2130 

•  8,69 

-8,00 

1263, 

20 

60,70 

-3,3901 

-7,57 

-7,03 

1350, 

21 

86,82 

-3.5874 

•  7,01 

•  6,56 

821, 

22 

91,61 

-3,6299 

•6,29 

•5,92 

895, 

21 

96,85 

-3,6655 

•  6,10 

-S’,  75 

596, 

28 

98.89 

-3.6616 

•  6,01 

•  5,67 

346, 

25 

101,96 

•1,6217 

-5,71 

•5,40 

824. 

2b 

108.54 

-3,5116 

-S.42 

•5,14 

563. 

27 

115.11 

-3,2742 

•  4,95 

-4,69 

680, 

28 

123.11 

-2,9591 

•  4.35 

-4,17 

661, 

29 

128.18 

•2,7390 

•  4,08 

-3,92 

«oi. 

30 

134,20 

-2,5839 

•  3,84 

•  3.70 

168, 

ii 

139,50 

-2.3562 

•3,71 

-3,57 

242, 

32 

141,51 

-2,3080 

-3,70 

-3,57 

9. 

33 

148,92 

-2.1613 

•  3,33 

-3,22 

648, 

38 

159,49 

•1,9854 

•  3,08 

-2,99 

220. 

35 

166,66 

-1,8518 

•  3,05 

*2,06 

34. 

36 

173,41 

-1 , 7458 

•  2,90 

•  2,81 

220. 

37 

175,01 

-1.7084 

•2.85 

•2,78 

240, 

38 

181.57 

•i,67ll 

-2,89 

•2,81 

•  46. 

39 

184,89 

•1,6138 

•2,78 

-2,71 

297, 

80 

192.55 

-1,4908 

-2,50 

•2,44 

389, 

81 

199,07 

-1.4149 

•  2,34 

*2,2  9 

230, 

82 

208,04 

-1,3986 

-2.01 

-1.97 

350, 

81 

223,10 

-1.3912 

•1,71 

*1 ,68 

196, 

88 

226,91 

-1,1289 

•  1,50 

*1,48 

339. 

85 

240.15 

-1.2322 

•  1.63 

-1,61 

-115, 

86 

245,60 

-1.1795 

-1,70 

*1,67 

-117. 

87 

251,91 

-1.1115 

-1,74 

•1,71 

•  60, 

CO-NENTS 


Appendix  Table  6.27  Results  of  test  LS2-36 

UHAN  SERIES  2  •  IEST  flUHBER  5 6  (LS2-36),  8/22/71 


8THMEM  VELOCITY  (ET/SEC)  «  6U.6 

STRIKER  tEwCTH  UN)  *  0.994 
TARGET  LENGTH  UN)  ■  6,749 

CRATING  OI3TANCF  ERON  IMPACT  (In)  •  0.244 
GRATING  LENGTH  UN)  ■  0.0165 
AH3IENT  TEMPERATURE  (OEG  f)  «  72,0 

NESI0U*L  STRAIN  APPRUX.  FIVE  *IN.  AFTER  TEST  (X)  ■  0.0 


D*Ta 

POINT 

TIME 

CHICSEC) 

SURE,  ROT, 
(OrGfitES) 

EUL.  STRAIN 
(PERCENT) 

LAG,  STRAIN 

(PERCENT) 

AVG.  STWAIN 
NATE(SfC-l) 

1 

o.o 

0.0 

0.0 

0,0 

0. 

2 

8.00 

-2.2045 

-6,48 

-6,08 

-7607. 

i 

11*52 

-2,2369 

-8,55 

-7,88 

-3244, 

4 

20,15 

-2.1990 

-10,39 

-9,42 

-2323. 

5 

23.00 

-2,0665 

-11,01 

-9,94 

-1430. 

6 

94.80 

-0 . 6565 

-1,57 

-1,54 

1183. 

*7 

97,92 

-0,6208 

-1,  JR 

-1,36 

568, 

8 

106,01 

-0,3103 

-0,60 

-0,67 
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Appendix  Figure  6.3  Strain  «L  versus  time  after  Impact  for  tests  LS2-11  and  LS2-12 
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6.3  List  of  Symbols 

c  wave  speed 

c  ,  dilatational  wave  speed 

a 

rod  wave  speed 
c#  shear  wave  speed 

d  groove  spacing  of  a  diffraction  grating  (d  *  1/m) 

d  initial  groove  spacing  of  a  diffraction  grating 

o 

£  Young's  modulus 

e  engineering  strain 

Eulerian  strain 

e^  Lagrangian  ("engineering")  strain 

G  Shearing  modulus  •  Lam6  constant 

i  angle  between  the  normal  to  the  diffraction  grating  plane  and 

the  incident  light  beam 

i  initial  angle  between  the  normal  to  the  diffraction  grating  plane 

°  and  the  incident  light  beam 

±k  orders  of  interference  of  the  diffracted  beams  observed  during 
a  test  (k  a  positive  integer) 

■  number  of  grooves  (lines)  per  unit  length  of  a  diffractior 

grating  (m  «  1/d) 

n  initial  number  of  grooves  (lines)  per  unit  length  of  a  diffraction 

°  grating 

n  order  of  interference  associated  with  a  particular  diffracted 

beam;  may  have  positive,  negative,  or  zero  integral  values 

P  initial  compressed-gas  reservoir  pressure 

o 

E  rod  radius 

r  radial  coordinate 

t  time 


radial  displacement 
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^  striker  velocity  Just  prior  to  impact 

W#  striker  mass 

X  grating  distance  from  impact  site 

x  axial  coordinate 

o  sum  of  the  initial  diffraction  angle  and  the  angular  displacement 

for  +kcn  diffracted  order 

6  sum  of  the  initial  diffraction  angle  and  the  angular  displacement 

for  -kth  diffracted  order 

®n  between  the  normal  to  the  diffraction  grating  plane  and  the 

ns  order  diffracted  beam 

0no  initial  angle  between  the  normal  to  the  diffraction  grating  plane 
and  the  nth  order  diffracted  beam 

e±k  angles  between  the  normal  to  the  diffraction  grating  plane  and 
the  ±kth  order  diffracted  beams 

®+ito  initial  angles  between  the  normal  to  the  diffraction  grating 
plane  and  the  ±kth  order  diffracted  beams 

A  wavelength  of  collimated  monochromatic  light  incident  on 
a  diffraction  grating 

A  Lamd  constant 

p  l(f6 

v  Poisson's  ratio 

p  density 

a  engineering  stress 

^  angular  displacement  of  the  nth  order  diffracted  beam 

*±k  angular  displacements  of  the  ±kth  order  diffracted  beams 

u  angle  of  rotation  of  the  diffraction  grating  plane 


